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Chapter 1 Introduction 2
This aim of this thesis is to design and develop an anemometer for measuring the 
velocity field in hydro-dynamic bearings. Hydro-dynamic bearings use an oil 
film to provide a low friction flow between two surfaces of different speeds. The 
oil film thickness is of the order of 50pm to 100pm which makes the 
measurement of the flow difficult. Although there are many different types of 
anemometers, a laser Doppler velocimeter (LDV) was selected based on the 
following reasons: they operate non-intrusively so that there is no disturbance to 
the flow being measured; the spatial resolution of LDVs can be reduced to 
dimensions less than 10pm by suitable optics.
LDV can be broadly classed into two groups: "Solid-State" LDV and "Bulk-Optic" 
LDV. This classification is based on the type of laser and photodetector 
employed. Bulk-optic LDV use a gas laser and photomultiplier whereas solid- 
state LDV use a laser diode and photodiode. There are advantages and 
disadvantages to both types of systems. Some of these are summarised below.
Cost
During the 70's and early 80's laser diodes and photodiodes were mass produced 
for consumer products such as compact disk players, fiber-optic devices etc. 
Consequently they are considerably cheaper than gas lasers and photo­
multipliers.
Power Consumption
One reason for the popularity of laser diodes and photodiodes is that they 
operate at low voltages and from low power sources.
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Size
Laser diodes and photodiodes are formed from a layered structure of semi­
conductor material hence the name "solid-state". The semi-conductor is cleaved 
to a rectangular block of dimensions of the order of 500 micro-meters or less. For 
comparison, gas lasers and photo-multipliers, which are constructed from bulky 
mechanical and optical components, have dimensions measured in centi-meters.
Power Output
Current solid-state LDV systems are limited by the low power of available laser 
diodes.
Optical Output
Laser diodes have an unstable and poor quality optical output.
Operating Wavelength
Until recently laser diodes were only available with wavelengths in the infra-red 
spectrum but lasers operating in the red visible wavelength region are now 
available. Generally photodiodes work better at the red wavelength region of the 
spectrum whereas photomultipliers work better in the blue region.
In this thesis solid-state components were chosen for economy and because of 
their small size. Laser diodes (Toshiba TOLD9215(S) and TOLD9140(S)) 
operating in the visible wavelength region were used. The layout of the thesis is 
as follows:
(a) Chapter 2 provides the theoretical information necessary for the design and 
development of the LDV;
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(b) Chapter 3, 4, and 5 reviews LDV technology so that the appropriate design 
decisions could be made;
(c) Chapters 6 describes the optical, electronic and mechanical design of the LDV;
(d) Chapter 7 discusses the testing and application of the LDV;
Chapter 2 
LDV Theory
The objective of this chapter is to review the more important points of LDV 
theory to provide the necessary design equations for the optical and electronic 
design and the introduction for the literature review.
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2.1 Principle of Laser Doppler Velocimeters
When a wave (such as a sound wave, microwave etc) is incident on a moving 
object the reflected light is shifted in frequency in proportion to the velocity of 
the object (figure 2.1). This phenomenon, called the Doppler effect, is named after 
the scientist who first discovered it [2.1]. For laser Doppler velocimeters (LDV) 
the incident wave is light from a laser source and the object is usually a particle 
in a flow field. The reflected wave occurs as scattered light from the particle. If 
the scattered light is observed with the detector facing the laser source then the 
LDV is classified as a forward scatter system (figure 2.2). Similarly if the detector 
has its back to the laser (figure 2.3) it is called a back scatter system.
In LDVs the frequency of light is too high to enable the doppler shift to be easily 
measured so that most LDVs operate by heterodyne detection. There are two 
types of heterodyne detection methods: Reference LDV; and Differential LDV. In 
the reference LDV (figure 2.4) the Doppler shifted scattered light from a moving 
object is mixed with non-scattered light and the Doppler frequency is obtained as 
the beat frequency between the two waves. The differential LDV works by 
mixing the Doppler shifted scattered light from two incident waves of different 
directions and obtaining the beat frequency (figure 2.5).
There are advantages and disadvantages to both types of systems. However for 
backscatter LDV measurements in flow the differential LDV is the most common 
system. Figure 2.6 shows a typical back-scatter differential LDV system. The 
beam splitter provides two parallel beams which are crossed by the transmitting 
lens to form the measurement region. Particles passing through the measurement 
region scatter light Doppler shifted in frequency which is collected by the 
receiving lens and focussed onto the photodetector.
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In this thesis a backscatter differential LDV layout has been used.
2.2 Electro-Magnetic Waves
This review on LDV theory begins with electro-magnetic waves. The light from a 
laser is one type of electro-magnetic waves.
An electro-magnetic-field in space is described by its electric, E, and magnetic, 
B, field vectors [2.2]. These vectors must satisfy Maxwell equations [2.3]. When 
these vectors vary in a periodic way the resulting field is called an electro­
magnetic wave. The simplest periodic solution of Maxwell equations is the plane 
wave. The mathematical equation describing a plane wave at a point r in space is
E(r,t) =  Aexpj(k-r -cot) (2.1)
B(r,t) =  f|X Aexpj(k-r-cotj (2.2)
where A is a constant called the amplitude of the wave which describes the 
strength of the field and co is the angular frequency of the wave (co = 27tf, 
f=frequency of wave). The vector k , called the wave vector, is defined in terms 
of the wavelength, X, of the wave
(2.3)
where n is a constant called the refractive index of the medium and q is a unit 
vector which points in the direction of propagation of the wave. Usually it is only 
necessary to describe the electro-magnetic wave by the electric vector since B can 
be easily obtained from E .
The intensity of the wave is defined to be
1 = (e  • e ) (2.4)
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where the triangular brackets indicate the time average.
2.3 Doppler Fringes.
The simplest mathematical description of the differential LDV system is the 
fringe model. This model is based on the fact that at the intersection of the two 
incident beams interference fringes are formed (figure 2.7). A particle passing 
through the fringes generates scattered light modulated according to the spacing 
of the fringes. The model is only valid for a single particle in the measurement 
volume with a size small relative to the fringe spacing. However it proves very 
useful in explaining many of the properties of LDV systems.
Suppose the LDV is formed from two plane waves with wave vectors kj and k2 
(figure 2.5)
E! (r, t) = A exp j(k1 • r -  cot) (2.4)
E2 (r, t) = A exp j(k2 • r -  cot) (2.5)
The intensity of the combined field at any point is
I = 2G + 2G cos|(k1 -  k2 j- r j (2.6)
where G = A • A is the intensity of each wave.
In the coordinate system (X ,Y ,Z ) in figure 2.7, the wave vectors 
given by
kj and k2 are
kx = ksinBi 4-kcos0j (2.7)
and
k2 = -ksinBi + kcosBj (2.8)
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If r = xi + yj + zk are the coordinates of a particle P then the intensity at P 
becomes
I = 2G + 2G cos{2kx sin 0} (2.9)
It can be seen that the intensity varies in a sinusoidal way as the x-coordinate of 
the particle varies and is independent of the y- and z-components. Light and 
dark fringes therefore occur along the X-axis. The AC or fringe component of the 
intensity is given by
Iac =2Gcos{2kxsin0} (2.10)
This can be written in terms of the frequency of the laser as
L. = 2Gcosi-^-xsin0l
l c
(2 .11)
If the particle has a velocity component v in the x direction then
Iac = 2Gcos{2kvtsin0} (2.12)
The frequency of this signal is called the Doppler frequency and is given by 
_ 2kvsin0 _ 2vsin0
d “ 2;z ~ X [ ’ }
2.4 Measurement Region of LDV Systems
In section 2.3 the Doppler fringes were derived for plane waves. In reality laser 
beams are used. The mathematical equation for a laser beam is similar to that of a 
plane wave except that the amplitude of the wave is not constant. It decays 
exponentially away from the centre of the beam. Assuming that the wave vector 
of the laser beam is pointed along the Z axis then the amplitude of the beam is
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A = A(x,y) = A0 exp(-4x2/D j - 4 y 2/D2) (2.14)
where Dx and Dy are called the beam diameters in the x and y direction. 
Therefore the intensity of the beam is
G = A- A = G0exp(-8x2/D2 -8 y 2/D2) (2.15)
note that this is a Gaussian function. Laser beams with this type of intensity are 
referred to as Gaussian beams. Figure 2.8 shows the Gaussian beam profile of a 
laser beam.
The beam grows in size as it propagates through space in accordance with the 
laws of diffraction (figure 2.9). At a distance z from its origin point the beam 
diameter is
r
D,(z) = DxO 1 +
V
f
V
4Xz ^
*DxO>
2\V2
)
(2.16)
where Dx0/ called the beam waist, is the beam diameter at the origin. The cross­
section of the beam is smallest at the waist. (Note that a similar expression exists 
for the beam diameter in the y direction).
For the case of laser beams it is obvious that Doppler fringes exist only at the 
intersection of the two beams forming the LDV. This intersection region is called 
the measurement or control volume of the LDV. Using equations 2.10 and 2.15 it 
can be shown that the intensity at any point in the measurement volume is
I = G0 exp< -
8x2 8y2 8z2 + G0 exp' 8x2 8y2 8z" >cos{2kxsin0} (2.17)
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where dx, dy and dz define the dimensions of the region along the x, y and z axis 
and are called the measurement volume dimensions. These dimensions are
= Dx0/cos9 (2.18)
= DyO (2.19)
dz=Dx0/sine (2.20)
where it is assumed that the beams cross at an angle 0 , the y-dimension of the 
laser beam is perpendicular to the plane of intersection, and the beams waist at 
their intersection point.
Since the laser beams of most LDV system are almost always crossed using a lens 
these dimensions are usually not applicable. The reason for using a lens is that in 
addition to causing the beams to intersect the lens also results in smaller 
measurement volume dimensions.
A Gaussian beam is transformed by a lens into another Gaussian beam (figure 
2.10). The transformed beam is called the "focussed" beam and has a waist 
smaller in size than the original beam. The waist of the focussed beam, D02, is 
obtained from the waist of the input beam, D01, as (approximately)
D02 ~
a
JtD01 (2.21)
Therefore the dimensions of the measurement volume (figure 2.11) formed from 
a lens are
= D,o/cos0 = 4 a
* Dx0
= DyO “
4 a
JtDy0
(2.22)
(2.23)
3 0 0 0 9  0 3 1 5 5 2 9 1  7
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d = D o/sin0 = (2.24)
"dDx0
where d is the spacing between the input beams and once again it is assumed 
that the beams waist at their intersection point.
It is clear from these equations that the size of the measurement region is directly 
proportional to the laser's wavelength. Thus for a system with the same optical 
components a visible laser diode with its shorter wavelength will have a smaller 
measurement region than an infra-red laser.
The number of fringes in the measurement region is the product of the time 
taken by the particle to cross the measurement region (dx/v) and the Doppler 
frequency ( fd)
Nfr= f >  (2-25)
V
This can be easily reduced to the form
Nf = —— (2.26)
fr k D
which is independent of the particles velocity as expected.
2.5 Characteristics Of The Doppler Signal [2.4]
The shape and size of the measurement region determines the characteristics of 
the Doppler signal received by the photo-detector.
From equation 2.17 it can be seen that a particle with velocity v in the x direction 
will generate a signal current at the photodetector output of
i(t) = i0exp
8v2t2 + i0 exp 8 v ¥ cos{2kvtsin0} (2.27)
Chapter 2 LDA Theory 13
where i(t) is the signal current and i0 is the amplitude of the signal.
This is more conveniently written in terms of the Doppler frequency as
i(t) = i0 exp j - ^ - j  +  i0 exp|-^-|cos{27Tfdt} (2.28)
The first exponential term in equation 2.28 is called the pedestal component and 
the second term is called the Doppler signal. Figure 2.12 shows a plot of the 
equation 2.28 for the case of an LDV with five Doppler fringes.
In equation 2.28 the amplitude of the pedestal component is shown equal to the 
doppler signal amplitude. This is usually not true. In fact the pedestal component 
is usually larger than the Doppler signal. This is due to factors such as particle 
size, laser polarisation, coherence length of the laser etc which reduce the 
amplitude of the Doppler signal. Factors effecting the visibility of the doppler 
signal are described in detail in 2.6, 2.7 and 6.1. Therefore equation 2.28 is more 
accurately written as
i(t) =  ipd exp | - ^ f - |  +  »d e x p | -^ | c o s {2 7 if dt} (2.29)
where i^ is the amplitude of the pedestal component and id is the amplitude of 
the doppler signal. The ratio of the Doppler signal to the pedestal component is 
called the visibility of the signal. Figure 2.13 shows a graph of equation 2.29 for a 
visibility of 0.5 and for an LDV with five Doppler fringes.
The properties of the Doppler signal can be seen more clearly by looking at the 
doppler signal in the frequency domain. Taking the Fourier transform of 
equation 2.28 by using the Fourier shifting theorem [2.5] and the Fourier
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transform of a Gaussian function [2.6] results in the following frequency domain 
function
F{I> = isiliL exp
f  _2-vt2 \
N- ( f / f d)
V 8
+ exp
- K 2N l
(1+f/fd)3
yj
\
(2.30)
Figure 2.14 and 2.15 show a plot of equation 2.30 for an LDV with five Doppler 
fringes and two Doppler fringes. The signal is seen to be a Gaussian shaped 
spectrum with a bandwidth of
e/Nfr (2.31)
The pedestal has a bandwidth of
e/2Nfr (2.32)
For five Doppler fringes the signal is well separated from the pedestal and can 
easily be removed with filters. Flowever for two fringes the pedestal interferes 
with the signal. In fact for an LDV with a fringe number less than five it is 
usually not possible to separate the signal from the pedestal with filters [2.4].
2.6 Visibility of Doppler Fringes Due to Particle Size
The visibility of the doppler signal is a function of the size of the particle which 
passes through the fringes. For back-scatter LDV systems the effect of particle 
size on the visibility of the doppler fringes may be approximated by calculating 
the light scattered from a particle using geometrical optics theory.
Assuming that the particle (radius=a) is opaque, it may be modelled as a 
spherical mirror with waves incident at ±y about the z-axis (figure 2.16). Light 
from plane wave (1) is reflected as a spherical wave with origin at point 
(0,-a.siny/2,a.cosy/2) in (x,y,z). The equation of this spherical wave is
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E =
aVRG exp|ikr(1)}exp{ikY sin y} 
"  : 2 ^
(2.33)
where
r(1) = {x2 + (y + a.siny/2)2 + (z -  a.cosy/2)2 j  
and R is the reflectivity of the particle.
Similarly the equation of the reflected wave from source (2) is
a VRG exp{ikr(2)} exp{-ikY sin y }
Esca = ^/2)
(2.34)
(2.35)
where
r(2) = {x2 +(y-a.siny/2)2 +(z-a.cosy/2)2J (2.36)
The intensity of the field due to waves (1) and (2) is
i» = ( e £ > + e <2 Xe £>+ e 2 ) ‘
= ^f°a(2) {l +  cos{r(1) -  r(2)} cos{ikY sin y}}
(2.37)
(2.38)
The term r(1).r(2) in the denominator may be approximated as r2 in the far field. 
The term (r(1)- r (2)) can be determined by approximating r(1) and r(2) by the 
Taylor expansions which are
r(i) ^ r _ za.cosy/2-y a.siny/2 (2.39)
r
and
.(2) r - za.cosy/2 + ya.siny/2 (2.40)
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So that L„„ becomes
(2.41)
Substituting y for its polar coordinate representation (y = rsin0cos(|)) and 
integrating over the aperture of the receiving lens gives the received scattered 
power which is
2 6 a 2 K
P =sea
RGa^ J  J  (l + cos(2kYsinY))cos(a.ksin0sin(|)siny)sin0d0d(|) (2.42)
e=o 4»=o
The integral representation [2.7] of the Bessel function J0(z) is 
1 KJ0(z) = — Jcos(zsina)da (2.43)
Using this relation Psca becomes 
7ca2RG 0,Psca = (cos0a — l) + 7ta2RGcos(2kYsiny) f Jo(ka.sinysin0)sin0d0 (2.44)
2 e=o
It can be easily shown [2.8] that 
xJ2 (x) = J  xJ0 (x)dx
so that for small 0
P ca = RGna  6a + r g ^ (ka.6asiny)cos(2kYsin7) (2.45)
2 ksiny
The 2nd term is the AC component of the signal and the first is the dc term. The 
average power received by the detector is
RGrcaX
r  sea 2
(2.46)
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and the visibility of the signal is
v =  2J1(ka.9asiny) 
ka.0asinY
Figure 2.17 shows a graph of the visibility of the Doppler signal versus particle 
size for a typical LDV system (beam crossing angle = 20°, receiving angle = 10°). 
As shown the visibility of the fringes is reduced as the particle size increases.
The above results were calculated using geometrical optics. This is only an 
approximation and a much better model of the scattering process can be obtained 
using Mie theory [2.9]. Mie's solution is obtained by solving Maxwells equations 
at the boundary of a sphere. The visibility of different types of scattering particles 
as calculated by Mie theory is described in detail in chapter 7.
It should be noted that both the above approximations are only valid for 
spherical particles. However most particles occurring in flow are probably not 
spherical and are of an arbitrary shape. Since it is impractical to calculate the 
light scattered from particles of arbitrary shape, Mie theory is almost always 
employed as an approximation, at least in LDV applications.
2.7 Visibility of Doppler Fringes Due to Line Width of Laser
Another reason for the reduced visibility of the Doppler signal is due to the fact 
that a laser does not operate at purely one frequency. The laser's intensity is 
continuously distributed over a range of frequencies (figure 2.18). The curve 
showing the normalised intensity of the laser source versus frequency is called 
the gain curve. The distribution of the laser's intensity over frequency reduces the 
visibility of the fringes as the phase difference, ie. path difference, of the two 
interfering waves is varied. The path length difference at which the fringes
17
(2.47)
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disappear is called the coherence length of the laser and is related to the width of 
the gain curve. It is important when designing an LDV system to know the 
coherence length of the particular laser employed for the system.
This effect will now be described mathematically. It has been shown theoretically 
(for example [2.10]) that the gain curve of a laser is Lorentzian. (Experimental 
results for a laser diode are in agreement with this theory [2.11]). The Lorentzian 
curve is given by
S(f) = Gfm
2 i t { ( f - f 0)2 +  (fm/2 )2}
(2.48)
where S(f ) is defined such that
+  oo
G = JdG(f) =  JS(f)df (2.49)
f0 is the centre frequency of the spectrum and f m is the bandwidth at half 
maximum.
The interference equation 2.9 represents the intensity for light of one particular 
frequency. For a source with a spread of intensity over frequency, the total 
intensity is due to the sum of each individual frequency so that equation 2.9 
becomes
Iac = lim]T2S(f)cos |47tfxsin9|Sf = j~ 2S(f) cos|4rcf)^m6jdf (2.50)
Using Fourier transforms [2.12] it can be shown that this integral equals 
I(x) = 2Gcos(47ufoxsin0/e)exp{-2fmrcx/c} (2.51)
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This is identical to equation 2.11 except for the exponential function 
(exp{-2fmrcx/c}) which is responsible for the decay in intensity of the fringes as 
the path length (x) increases. This function is called the visibility function of the 
fringes (figure 2.19). The coherence length of the laser is defined to be 
xc = c/27cAf. At this path length difference the intensity of the fringes has been 
reduced to 0.2% of their maximum value. The visible laser diodes in this thesis 
have typical bandwidth’s of approximately 100 to 300 MHz [2.13], [2.14] 
corresponding to coherence lengths of between 150cm to 500cm.
The coherence length defined above is valid for a laser which oscillates at a 
single-frequency ie single-mode laser. However multi-mode lasers are often 
employed in LDV systems. A multi-mode laser oscillates at a number of closely 
spaced frequencies (figure 2.20) called modes of the laser. Each separate mode 
has a Lorentzian gain function. The amplitude of the modes decrease in 
magnitude away from the centre mode. Examples of multi-mode lasers are gas 
lasers (such as He-Ne or Ar-Ion lasers) and gain-guided laser diodes. For gas 
lasers the decrease in amplitude of the modes away from the centre is described 
by a Gaussian envelope function (It is assumed in this thesis that this is also the 
case for laser diodes).
The visibility function for a multi-mode laser has been calculated by Foreman 
[2.15] who assumed that the line width of the individual modes was zero. The 
visibility function for a He-Ne laser with seven modes is shown in figure 2.21. It 
can be seen that the visibility is periodic. For a laser with a large number of 
modes, the path length difference at which the intensity of the first peak drops to 
a minimum approaches the value xc = c/27iAfe where Afe is the width of the 
Gaussian envelope function.
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Figure 2.22 shows some actual visibility functions for Toshiba visible laser diodes 
[2.16]. TOLD 9200, a gain-guided, multimode laser shows the typical 
characteristics predicted by Foreman. TOLD 9140 which is single-mode, is the 
combination of a weak periodic function riding on top of a large pedestal. This 
indicates that some multi-mode oscillations still occur in this laser although their 
amplitude is much smaller than the main single-mode. The curves of other single 
mode laser diodes, such as TOLD 9215 and TOLD 9211 are similar. Typically 
over 70% fringe contrast can be observed with the single-mode laser diodes 
particularly the higher power lasers. This is adequate for LDV systems.
2.8 Frequency Error
The wavefronts in a Gaussian laser beam are curved which results in curved 
Doppler fringes in the measurement volume. The consequence of this is that the 
Doppler frequency is not constant.
Lines of constant phase in a Gaussian beam are called wavefronts. At the beam 
waist the wavefronts are flat. However away from the waist the wavefronts 
become increasingly curved. The radius of curvature (R(z)) of the wavefronts at 
a distance z from the waist is
f
R(z) = z 1 + JtD2 ^xO
A*ki
2\
(2.52)
When the two laser beams of an LDV system don’t waist at their intersection, the 
divergence and wavefront curvature of the laser beams results in a widening of 
the spacing between the doppler fringes towards the outskirts of the 
measurement region along the z direction (figure 2.23). Thus a particle traversing 
the measurement region at different points along the z axis will have a different 
doppler frequency from a particle crossing in the centre of the measurement
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region. Hanson [2.17] and Durst and Stevenson [2.18] have studied this error. 
Wavefront curvature and beam divergence also results in the Doppler fringes 
having a non-uniform spacing along the x-axis ie. close to the centre line they 
may be closer together. Thus a particle traversing the measurement region will 
generate a signal with a variation in its instantaneous frequency.
The variation in the Doppler signal due to fringe spacing is typically only a few 
percent. For simplicity this type of error has been ignored in this thesis.
2.9 Collimators
The divergence angles of the Gaussian beam emitted from the laser diode are 
very large. Generally it is not possible to construct an LDV system from a laser 
diode without first collimating the beam (figure 2.24). The object of the collimator 
is to collect as much as possible of the diverging light and produce a beam with 
very low divergence. Ideally the collimator should not introduce any aberrations 
into the collimated beam.
The beam diameter and beam divergence of the collimated laser can be 
approximately calculated as follows.
The dimensions of a laser diode are very small so that it may be regarded as a 
point source emitting a diverging beam of light. The diameter of the collimated 
beam produced by the collimating lens is determined by the laser's divergence 
angle and the focal length of the lens according to
DI0 = 2f sin(ex/2) (2.53a)
Dy0 =2fsin(0y/2) (2.53b)
where f is the focal length of the lens.
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The dimensions of the beams perpendicular and parallel to the junction are not 
the same because of the different divergence angles. The beam is thus elliptical. 
The ratio of the major to minor axis of the ellipse is equal to the ratio of the 
divergence angles of the laser.
The divergence of the laser beam in each direction are [2.19]
A9* -  4X (2.54a)
7^x0
> CD II >
>
(2.54b)
TlDyO
2.10 Wavefront Aberration [2.20]
Wave front aberration or distortion is a displacement of the wavefronts (peaks) 
of a wave away from the ideal position they would normally occupy. Wave front 
aberration can be caused by many factors.
The quality of a collimated laser diode beam is inferior to that of a gas laser. Gas 
lasers typically have wavefront aberrations of X/20 whereas the best laser 
diode/collimator assemblies have X,/8. Wavefront aberration is introduced by 
the structure of the laser diode, by its packaging window and by the collimating 
lens. Ideally the lens should be free of all the major aberrations. This is important, 
not only for obtaining a low wavefront distortion collimated beam but also to 
allow for some tolerance in the positioning of the diode relative to the lens. The 
laser introduces aberration due to the astigmatism of its beam and due to its 
cover glass.
The cover glass (which is a plane parallel plate) introduces spherical aberration 
into a diverging beam. Figure 2.25 shows the wavefront divergence introduced 
by a window as a function of the window's thickness at specified values of
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refractive index of the glass and numerical aperture of the laser beam [2.20]. 
Laser beams with a numerical aperture of 0.275 or less will have negligible 
wavefront distortion.
Astigmatism means that the wavefront of the laser appears to come from two 
different sources perpendicular and parallel to its junction. The effect of 
astigmatism on the wavefront aberrations can be estimated from figure 2.26. It 
can be shown that the wavefront aberration (AS) is given by 
AR
AS = -^-sin20 (2.55)
5R is the astigmatism of the laser and 0 is the smaller of the divergence angles of 
the laser. Hence for a 670nm laser with a divergence of 8° (FWHM) and 
astigmatism of 10pm the wavefront aberration would be approximately X/4.8. 
Astigmatism can be corrected with a weak cylindrical lens.
2.11 Correction for Ellipticity
Different beam waist dimensions in the perpendicular and parallel directions 
means that when the beam is focussed into the measurement volume the beam 
will waist at different positions in these directions. The effect of this is a larger 
measurement volume and greater wavefront curvature (ie. distortion) in the 
perpendicular direction of the measurement volume. Astigmatism produces the 
same effect. Wavefront curvature perpendicular to the plane of measurement has 
been shown by Bopp et al [2.21] to have a negligible effect on frequency 
broadening in LDV systems. Therefore beam ellipticity and astigmatism can be 
neglected as regards frequency broadening. However they do increase the size of 
the measurement volume and therefore correction methods need to be 
considered. Correction for astigmatism has already been mentioned.
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The elliptical beam can be made into a circular beam in a number of ways. One 
way is to use a pair of cylindrical lens (figure 2.27). This arrangement, used by 
Brown et al [2.22] (Chapter 3.1), simultaneously collimates and changes the beam
t .
into a circular beam . A cylindrical lens acts on one component only. In this way 
a negative and positive lens can be used to magnify one component of the laser 
beam until it is the same size as the other. If the lens are piano-cylindrical then 
they should have high f-numbers (greater than f/10) otherwise severe 
aberrations will be introduced. Unfortunately at high f-number the lens are 
spaced fairly far apart. Although other types of cylindrical lens could be used 
these are expensive.
Another way to make the beam circular is to use a pair of triangular wedge 
prisms (figure 2.27). This method is employed by Melles Griot [2.23]. The 
advantages of this system over the cylindrical lens are: the magnification is 
variable with the incident angle; the system is very compact. Anti-reflection 
coatings must be used on the surfaces because of the high angle of incidence.
2.12 Penetration of Liquids
The wavelength at which the laser diode operates determines the penetration of 
the laser beam in a particular medium. Due to the fact that water absorbs 
strongly at the infra-red wavelength, TSI [2.24] has been using visible wavelength 
laser diodes for long distance measurements in water. It was thus decided to 
investigate further the penetration of laser beams in water.
For absorbing medium the refractive index, n, is complex and
n = n0+jK (2.56)
With a complex refractive index the equation for a plane wave becomes
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e  T ( 2tck - .A / 2jm0 - _ '
E =  Aexp|— -r|  • r lexp j(̂ —^ ri • r -  <ot (2.57)
and the intensity of the wave is
I =  G exp f-2,tK ^
 ̂ X J
z =G exp(-az) (2.58)
where z is the path length of the wave in the medium and a  = I k k /X  is the 
absorption coefficient of the medium. From this expression, it can be seen that 
the intensity of the wave decreases exponentially as the path length increases. 
The value of a  depends on the medium. For this work we are concerned with 
measurements in oil and water.
For water the absorption coefficient was obtained [2.25] at a number of different 
wavelengths typical of lasers employed in LDV systems. Figure 2.28 and 2.29 
shows the value in intensity of these laser beams as a function of penetration 
distance. The penetration distances shown are typical of modern LDV systems.
At 488nm, the absorption is quite low even for distances of several meters. A 
noticeable increase in absorption occurs as the wavelength increases. At the infra­
red diode wavelengths the intensity drops to 10% and 5% for 780nm and 830nm 
wavelengths respectively at a distance of only 0.1m. At the visible laser diode 
wavelength of 670nm the intensity is 70% at the same distance. These results 
clearly favour the visible laser diode for long distance measurements in water.
However in this work we are concerned with measurements in fluid films of less 
than 1mm thickness. At this distance the absorption loss is negligible at all 
wavelengths. Unfortunately the absorption coefficient data for oil is not easily 
obtained.
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2.13 Scattering Power of Particles at Different Wavelengths of Light
As well as penetration, the wavelength at which the laser diode operates also 
determines the magnitude of the light scattered from a particle. This is most 
noticeable for particles of very small diameter. For large particles, the scattered 
power is much less sensitive to wavelength. Note that the simple theory based on 
geometric optics (section 2.6) does not model the effect of wavelength.
The total power scattered from a particle illuminated by a single beam of light is 
specified by its scattering cross-section (Csca) which is defined to be
^  _ total power scattered by particle ^  ^
sca incident power of beam / unit particle area
Using Mie theory it can be shown that this is [2.26]
Csca
k 2jt ,
X (2 n  +  l){|an|2 +|bn|2}
n=l
(2.60)
where m2 is the index of refraction of the medium containing the particle and 
an and bn are defined in appendix 1.1.
The following approximations occur:
* as the particle size increases, the scattering cross-section becomes independent 
of wavelength. For large opaque particles the scattering cross-section approaches 
the value In a2 [2.27].
* for very small particles, ie. d<X/10, the scattering cross-section is inversely 
proportional to the fourth power of the wavelength ie. Csca <* \/X40 (Rayleigh 
theory [2.28]). Therefore for very small particles the visible laser diode (>.=670nm)
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scatters 1.8 times more light than an infra-red laser diode of 780nm wavelength 
and 2.4 times more than an infra-red laser diode of 830nm wavelength.
The scattering cross-section for plastic particles and silicon carbide particles is 
shown in figures 2.31 to 2.34 for particle sizes normally used for LDV. For these 
particle sizes it can be seen that the scattering cross-section is insensitive to 
wavelength and there is no advantage/disadvantage to using a visible 
wavelength laser diode over that of an infra-red wavelength diode.
2.14 Signal to Noise Ratio of Photodiodes and Avalanche 
Photodiode
For this thesis the limits in system sensitivity are set by the photodiode detector. 
For this reason it is important to look at the theory behind the operation of the 
photodiode to ensure that it is installed correctly.
A photodiode is a reverse biased p-n junction diode exposed to light. The light 
generates electron-hole pairs which are swept across the junction by the reverse 
bias voltage and form the photocurrent. Operating the diode in the reverse 
biased mode ensures that the photocurrent is independent of the voltage 
potential across the diode so that it behaves as a current source. Reverse biasing 
also ensures that the photocurrent is negligible under conditions of no light since 
the only current will be due to thermally generated carriers.
The magnitude of the photocurrent is proportional to the power of the incident 
light. Sensitivity (S) is defined as the ratio of the generated photocurrent to the 
power of the incident light. The sensitivity of the photodiode to different 
wavelengths is dependent on the type of semiconductor material. For operation
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in the visible region of the spectrum, silicon semiconductor is normally 
employed. Figure 2.35 shows the sensitivity for a typical photodiode [2.29].
An avalanche photodiode (APD) is created by increasing the reverse bias voltage 
until it is just below the break down voltage of the diode. This gives the diode an 
"internar amplification process. The photocurrent is now amplified by a factor 
M called the multiplication of the APD and
I0 = MIS = MSP inc (2.61)
where Is is the photocurrent with unity multiplication and I0 is the output 
current of the APD. The multiplication is a function of the reverse biased voltage 
(figure 2.36) [2.29]
Unfortunately a photo-current cannot be produced without generating noise. For 
photodiodes, this noise is due to the shot noise of the photocurrent which is
ilpd = 2qIsB (2.62)
where B is the bandwidth of the system. The output noise current of an APD is 
similar however the noise of the amplification must be included. The noise of the 
APD is equal to the shot noise of the photo-current multiplied by the gain of the 
APD and a noise factor F , ie.
in,aPd=2qIsM2FB (2.63)
The factor F , which is always greater than one, accounts for noise produced 
during the internal amplification process. Typically F is given by
F = Mx (2.64)
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where x is a constant which depends on the particular APD (typical values of x 
are in the range Of 0.25-0.30).
Usually the photocurrent is too small to be processed directly and an amplifier 
must be used after the photodetector. The amplifier adds noise to the signal. In 
general the total noise of the photodiode or APD system can be written as
i2n = 2qIsM2FB + S2 aB = 2qIsM2+xB + S2n>aB (2.65)
where M = 1 for a photodiode and Sn a is the noise of the amplifier. The Signal to 
Noise ratio is therefore
SNR =
- U 2ll 
2 s
-M 2Is2 
2 s
2qIsM2FB + S2,aB 2qIsM2+xB + S2,B
(2.65)
Figure 2.37 shows the variation of the signal to noise ratio for a typical avalanche 
photodiode. There exists an optimum multiplication which maximises the SNR. 
This is easily shown to be
f  O2
1
\ + 2
Mopt = n,a
qisx
(2.67)
The minimum detectable signal at optimum multiplication, SNR = 1, is
Is,n,o = (6 B )^ (q x S ',ap  (2.68)
In some cases the optimum multiplication may exceed the maximum 
multiplication possible with the APD. For these circumstances the minimum 
detectable signal is
ŝ.min = 2qM ^B + ̂ (2qM ^B)2 + 2S2,aB /M L  (2.69)
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where is the maximum multiplication possible with the APD. Figure 2.38 
shows the minimum detectable signal (equation 2.72) as a function of amplifier 
noise for an APD with a maximum multiplication of 500.
2.15 Circuit Topology of Preamplifiers
The noise added by the amplifier can be reduced by carefully designing (or 
choosing) the amplifier. Low noise voltage amplifiers are not suitable as 
amplifiers for current sources such as the photodiode or APD. This is because the 
design procedure for such amplifiers is fundamentally different to that of current 
sources. For example if the "amplifier" consists merely of a load resistance, RL/ 
then the thermal noise contribution would be 4kTB/RL for a current source and 
4kTRLB. for a voltage source (In these expressions k is Boltzmann constant 
=8.620e-5 (eV/°K) [2.30] and T is the absolute temperature). Obviously the noise 
added to the current source is minimised by increasing the load resistance 
whereas for the voltage source a small load resistance is best.
The small signal model of a photodiode is simply a current source with a 
capacitance impedance. The simplest form of amplification consists of simply 
loading the photodiode with a resistance. A large load resistance is desirable for 
achieving high amplification and for minimising thermal noise. However the 
resistor and the diode's capacitance form a low pass filter limiting the high 
frequency performance of the circuit. If a large bandwidth is required a low value 
of load resistance must be employed which results in a noisy output.
One way to achieve a large bandwidth with a large load resistance is to "remove" 
the photodiode capacitance. The photodiode's capacitance will be effectively 
open-circuit, hence removed from the frequency response, if the voltage potential 
across the diode is small. This can be achieved by placing the photodiode across
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the input terminals of a high speed operational amplifier. Examples of this type 
of amplifier are the Bootstrap Am plifie r (figure 2.39) and Transimpedance Am p lifie r 
(figure 2.40). In the bootstrap amplifier the operational amplifier is configured as 
a voltage follower whereas in the transimpedance amplifier it is configured as an 
inverter.
Alternatively a large bandwidth with a large load resistance can be achieved by 
removing the pole formed by the detector capacitance with a resistor-capacitor 
network called an equaliser (figure 2.41). The equaliser is normally placed after 
an amplifier such as a buffer whose large input impedance provides isolation. 
For this reason this setup is often called High-Input Impedance Am plifier.
Figure 2.42 shows the optimum SNR of a typical transimpedance amplifier and a 
typical voltage amplifier. It is assumed that the noise of the voltage amplifier is 
simply due to the thermal noise of the input impedance which is 4kTB/R, where 
R is typically 50 ohms. As shown the SNR of the transimpedance amplifier is 
30% greater and the optimum multiplication is a factor of five lower.
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Figure 2.1 Doppler effect of moving object.
Figure 2.2 Forward-scatter laser Doppler velocimeter.
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Figure 2.3 Back-scatter laser Doppler velocimeter.
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Figure 2.4 Reference beam LDV system.
Figure 2.5 Differential LDV.
X
B E A M S P L I T T E R
Figure 2.6 Typical back-scatter differential LDV system
Figure 2.7 Interference fringe model of differential LDV.
Figure 2.8 Gaussian beam profile of laser diode beam.
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Figure 2.9 Growth of laser beam with distance (beam waist
radius=0.5mm).
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Figure 2.10 Focussing of a Gaussian laser beam by a thin lens.
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Figure 2.11 Crossing of laser beams in an LDA system by a thin 
lens to form measurement volume.
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Figure 2.12 Intensity distribution across Doppler fringes (Visibility=1.0).
Figure 2.13 Intensity distribution across Doppler fringes (Visibility=0.5).
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Figure 2.14 Frequency domain record for five Doppler fringes.
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Figure 2.15 Frequency domain record for two Doppler fringes.
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Figure 2.16 Approximation of a metallic particle as a spherical mirror.
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Figure 2.17 Approximate solution to backscattering from a spherical particle
( wavelength=589.3nm).
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Figure 2.18 Lorentzian frequency spectrum of a single-mode laser 
(enlarged). Insert shows actual size of spectrum.
Figure 2.19 Fringe visibility curve for a single-mode laser (Lorentzian 
frequency spectrum) with a coherence length of 100cm.
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Figure 2.20 Frequency spectrum of a multi-mode laser (insert shows 
an enlargement of each mode).
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Figure 2.21 Fringe contrast for multi-mode laser with seven modes.
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Figure 2.22 Visibility for Toshiba Visible laser diodes [2.16].
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Figure 2.23 Curvature of Doppler fringes: (a) beams waist at the intersection; (b) 
beams waist before the intersection; (c) beams waist after the intersection.
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Figure 2.24 Collimator lens.
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Figure 2.25 Effect of laser diode's window on wavefront distortion at a 
wavelength of 830nm [2.20]. (Numerical aperture (NA) and refractive index (n) 
are listed.)
Figure 2.26 Diagram for calculating wavefront aberration due to astigmatism.
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Figure 2.27 Cylindrical collimator/beam circular correction lens.
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Figure 2.28 Anamorphic prism-pair beam expander.
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Figure 2.29 Penetration of water for typical wavelengths of gas lasers.
Figure 2.30 Penetration of water for typical wavelengths of laser diodes.
20 0
o  ~  150— en
oc
HiO
oc
-  100
oc 
<  
h- =3
h- acn
5 0 -
J
r
J
>
IIc
\ l
1 2  3 4
P A R T I C L E  R A D I U S  ( f i r n)
Figure 2.31 Scattering cross-section of plastic particles (X=670nm).
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Figure 2.32 Scattering cross-section of plastic particles (/V=780nm).
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ire 2.33 Scattering cross-section of Silicon Carbide particles (^=670nm).
Figure 2.34 Scattering cross-section of Silicon Carbide particles (X=780nm).
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Figure 2.35 Sensitivity of a typical avalanche photodiode (Hitachi
HR8202TG) [2.29].
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Figure 2.36 Multiplication factor versus reverse voltage of a typical avalanche
photodiode (Hitachi HR8202TG) [2.29].
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M U L T I P L I C A T I O N  F A C T O R  OF APD
Figure 2.37 SNR versus multiplication factor of APD.
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Figure 2.38 Minimum detectable signal (SNR=1) versus amplifier noise.
F
Av -  V0/V i = voltage gain of amplifier
Cd = capacitance of photodiode 
R = load resistance of photodiode
The transfer function of the circuit is
Vo _ RAV 
is 1+ s(l -  Av)Cd
The voltage gain of a follower is always close to one so that the 
response can be seen to be independent of Cd.
Fig 2.39 Bootstrap Amplifier.
R R
The transfer function of the circuit is
Vf, _ RA y/(l+A y)
i, l +  sCdR /(l+  Av)
As the voltage gain approaches infinity the response 
becomes independent of Cd.
Fig 2.40 Transimpedance Amplifier.
o
Aj = Voltage gain of first amplifier 
A 2 = Voltage gain of second amplifier 
R 0 = output impedance of first amplifier 
Rj= input impedance of second amplifier 
Re= equaliser resistance 
Ce = equaliser capacitance
The transfer function of the circuit is
V n _  A1A2RRi(l +  sCeRe)
is (l +  sCdR){l +  sCeRell(R0 + Ri)}
If CeRe=CdR then the transfer function becomes
V q _ A,A?RRi
is { l+ s C eR ell(R0 + R i)}
If CeRe=CdR then the detector capacitance is removed from the 
transfer function. By careful choice of R 0, Riand Re a wide 
bandwidth can be obtained.
Fig 2.41 High-Input Impedance Amplifier.
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Figure 2.42 SNR versus scattered power for typical transimpedance 
amplifier and voltage amplifier (optimum multiplication is shown next
to curve).
Chapter 3
Literature Review of 
Solid-State LDV Systems
Laser diodes and Photodiodes or Avalanche photodiodes offer significant 
advantages in terms of cost, size and power consumption compared to 
conventional Gas laser and Photomultiplier system. This chapter reviews 
some of the developments that have occurred in this area.
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3.1 Developments In Semiconductor LDV
Early semiconductor LDVs were hindered by the short coherence length of 
the multi-mode laser diodes of that period. Typical coherence lengths of 
multi-mode laser diodes are less than 1 mm which means that the beam 
splitter must produce parallel beams of equal path length in order for Doppler 
fringes to be produced. Despite this difficulty a number of useful designs 
emerged. Although high coherence length laser diodes are now readily 
available this early work still provides useful material for design.
One of the first to realise the potential of laser diodes for LDVs were 
Shaughnessy and Zubi in 1978 [3.1]. They developed an LDV system arranged 
in a Reference beam mode to demonstrate that Doppler signals from water 
flow could be obtained with a laser diode. The laser was a "Laser Diodes Lab 
LCW-10" diode. This laser has a power output of 10mW, an operating 
wavelength A, = 830nm and a spectral bandwidth of A  ̂= 2.5nm. This spectral 
bandwidth gives a longitudinal coherence length of 0.28mm (Shaughnessy 
and Zubi measured it to be 0.25mm for their particular laser).
A schematic diagram of their LDV is shown in figure 3.1. The laser diode was 
collimated by a 40X microscope objective and the beam was then split by a 
50/50 beam splitter. The split beams were then made parallel by fixed mirrors 
M1&M2 and by mirror M3 which was mounted on a micro-positioner. The 
path lengths were adjusted to be equal by projecting an image of the control 
volume onto an infra-red viewing screen with a 20X microscope objective. 
The micro-positioner was then adjusted to produce visible fringes. A 
photodiode ("Bell&Howell type 539") was used for detecting the scattered 
light.
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Measurements were made in a water channel (15cm wide X 30cm tall) at a 
centre line speed of 3cm/sec. The flow was laminar but slightly unsteady. 
Doppler signals suitable for Doppler processing techniques were observed. 
One of the important points concerning the experimental results that 
Shaughnessy and Zubi mentioned was that water absorbs strongly at the 
diode wavelength and thus better performance could be expected in air.
The performance of the laser diode LDV was later compared with an identical 
LDV using a 2mW He-Ne laser [3.2]. Both devices were applied to measure 
the axial velocity profile in laminar pipe flow of water. Their results showed 
excellent agreement in the velocity profiles except for points very near to the 
walls where the large dimensions of the diode LDV control volume were 
found to come into play. The diode LDV achieved a SNR of 14.8 which was 
34% less than the He-Ne LDV. However they found that this level of SNR 
was satisfactory for flow measurements.
In 1987 Jentink et al [3.3] demonstrated a differential Doppler LDV system 
which also used a short coherence length laser diode. To overcome the 
problem of the short coherence length of the laser diode they used a 
diffraction grating as a beam splitter. With this type of beam splitter identical 
path lengths are achieved.
Figure 3.2 shows the setup they used. A microscope objective focussed the 
light from the laser diode onto the diffraction grating which split the light 
beam into separate beams. The grating (50 lines/mm) was a phase grating 
which diffracts 45% of the initial intensity into the first order directions. The 
first order light beams were used to form the scattering volume, whilst the 
zero, second and higher orders were stopped by a beam stop. The scattered
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light was detected by a photodiode mounted above the plane of 
measurement.
Measurements were performed in laminar flow in a glass tube (inside 
diameter = 5mm) seeded with 0.9mm polystyrene spheres. The mean number 
of particles in the scattering volume was well below one to reduce the 
possibility that two or more particles scattered light on the detector at the 
same time. Calculated velocity agreed well with the measured velocity. 
Velocities of up to 8mm/s were measured.
Further developments of their system were concentrated on miniaturising 
the apparatus [3.4]. To do this, the microscope objective was replaced with a 
gradient index lens and the grating was replaced with a grating of higher line 
density. The higher line density grating split the two beams to a larger angle 
allowing for a shorter overall length of the LDV. The resultant LDV had a 
diameter of only 10mm and was just 50mm long. The miniaturised setup is 
shown in figure 3.3. Other features are the use of an aspheric lens to achieve a 
very small control volume (8jim X 8|im X 30|im). This LDV has been applied 
to the calibration of the flow for other laser velocimeters [3.5]. Note that the 
Laser diode in this later LDV is probably single-mode rather than the multi­
mode laser of the first setup.
The availability of laser diodes with high coherence lengths of the order of a 
few meters has allowed LDV designs to be developed without the hindrance 
of having to have equal beam path lengths.
Figure 3.4 shows an LDV developed by Brown, Burnett and Hackney in 1987 
[3.6] using a high coherence length laser diode (Sharp LTO 24; coherence 
length=2.5m). The LDV features cylindrical lens to collimate and produce a
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circular laser beam and a Galilean telescope to reduce the diameter of the laser 
beam to the appropriate size. The beam splitter consists of a simple cube beam 
splitter and right-angled prism acting as a mirror. Note that the path length 
difference of the beam splitter is unequal. Other features of this system are the 
use of a receiving lens with a diameter bigger than the beam spacing to 
maximise the collection of the scattered light. The beam splitter is mounted 
in front of the receiving lens and a hole is cut in the receiving lens to allow 
the light from the laser to pass through.
Another LDV system with a high coherence length laser diode is that shown 
in figure 3.5. This LDV, designed by Getzer [3.7], has been especially designed 
to function as a flow-meter. The layout is a simple forward-scatter reference 
beam system with a beam-splitter consisting of a simple glass plate (6). The 
flow to be measured is connected to the tube (4) which passes through the 
housing of the LDV.
Further improvements in Solid-State LDV came with the introduction of 
Avalanche Photodiodes. The relatively noise free internal amplification of 
the APD compared to the external amplifiers required by photodiodes allows 
signals of much lower strength to be detected. Figure 3.6 shows an example of 
an LDV employing an Avalanche Photodiode developed by Bopp et al [3.8]. 
The system uses a standard type of beam splitter with equal path lengths and a 
receiving lens with holes cut to allow the beams to pass through. APD/laser 
diode systems are claimed to have competitive SNR with gas 
laser/photomultiplier LDVs [3.9].
Frequency shifting is often required in LDVs for determining the direction of 
flow. As well frequency shifting allows the pedestal to be easily removed from
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the Doppler signal permitting measurements close to walls. Frequency 
shifting is normally provided by components such as electro-optic crystals or 
by acousto-optic crystals. Jones et al [3.10] demonstrated that frequency shifting 
may be provided for in laser diode systems without any of these specialised 
components. They shifted the frequency by modulating the laser current of 
the laser diode in a differential Doppler LDV which incorporated a path 
length difference between its beams. Figure 3.7 shows the optical layout. 
Mirrors 2 and 3 ensure that beam 2 has a greater path length than beam 1. The 
shift in frequency is given by
2nd  dvf =
c dt
(3.1)
where fs=Doppler frequency shift, d=path length difference of beams, c= 
speed of light and v=frequency of the laser diode.
3.2 Doppler Surface Velocity Measurements
A number of solid-state systems have been developed for surface velocity 
measurements (figures 3.8 and 3.9). The system of figure 3.8 is a simple 
backscatter reference beam layout arranged as a Michelson interferometer 
[3.11]. A simpler velocimeter is provided by the LDV of figure 3.9 [3.12]. In this 
system, referred to as a self-mixing LDV, the scattered Doppler shifted light 
from the vibrating surface is mixed at the monitor photo-diode of the laser 
diode with direct light from the laser chip. In this way a compact system is 
realised with only an external focussing/collimating lens required.
3.3 Reference Beam Versus Differential Doppler LDV
Recent research by Dopheide et al [3.13] has concentrated on comparing the 
performance of reference beam LDVs with differential Doppler LDVs. Their
system, shown in figure 3.10, employed a Hitachi 7801 5mW, 780nm laser 
diode and a BPW24 photodiode. In their work they called their reference 
beam system a 4k  LDV. The reference beam and scattering beam of the 
reference beam LDV had equal intensities. The scattering angle of the 
reference beam was low and equal to the divergence angle of the collimated 
laser reference beam. The particle density was constant and the laser power 
was varied from high to very low. Their results are given in figure 3.11. The 
reference beam system has superior SNR compared to that of the differential 
Doppler system. The high SNR results were claimed to be due to the fact that 
the reference beam system measured the variation in intensity of the 
reference beam when a particle passed through the measuring volume. This 
intensity variation is due to all of the scattered light from the particle and is 
much greater than the intensity scattered in only the forward direction of the 
differential Doppler system. However they failed to notice that, since they 
were using a reference beam system, the full intensity of the beam contributes 
to the shot noise rather than just the scattered light, hence the noise level is 
higher. The probable reason for the high SNR is that the particle density was 
high (reference beam systems generally work better at higher particle densities 
than differential Doppler systems [3.14]). The results certainly suggest that 
further research, particularly experimental, needs to be done in comparison of 
the reference beam LDV with the differential Doppler LDV.
3.4 Sensitivity of Semiconductor LDV
The sensitivity of semiconductor LDVs relative to conventional systems is an 
important measure of its performance. This section reviews the work done by 
Dopheide et al [3.15&3.16].
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Dopheide et al investigated laser diodes and avalanche photodiodes for LDV 
use by comparison of their signal to noise ratio (SNR) with gas laser and 
photomultiplier systems. The photomultipliers and gas lasers chosen for the 
comparison were of types widely employed in LDVs. The SNR of 20 different 
APDs were compared with that from Photomultipliers at varying incident 
laser powers and with different types of gas and semiconductor lasers.
Their LDV optical setup was a conventional forward scatter differential 
Doppler system (Figure 3.12 & 3.15) with a beam attenuator for varying the 
incident laser power. Microscope objectives were used to collimate the laser 
diodes. In all the LDV experiments the interference fringe number was 
approximately 20 to 30 and the mean interference fringe spacing was 
approximately 4.7jim. Tests were carried out in a free jet of air at velocities up 
to 150m/sec. Water droplets, with a size of approximately 2-4pm, generated by 
a TSI Model 9302 generator were used for seeding the flow. The current and 
temperature of the laser diodes was stabilised to prevent wavelength drift. 
Peltier cooling elements were employed for cooling. Wavelength uncertainty 
of the order of 10~5 was obtained over a ten hour period. Dopheide's 
experimental results are shown in figures 3.13, 3.14 and 3.16.
With a He-Ne gas laser their results indicated that the APDs were equally 
good in performance as the photomultipliers. Some of the APDs provided 
substantially better SNRs at almost all light intensities.
At the infra-red wavelength of the Sharp laser diode it was found that almost 
all the APDs worked substantially better than photomultipliers. This was 
attributed to the very low quantum yield of photomultipliers in the infra-red
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region of only 1 to 10%. Conversely in this region photodiodes have a 
maximum spectral sensitivity with quantum yields of 80%.
Results of APDs at the 488nm and 514nm wavelength were less competitive 
than at the higher wavelengths of the laser diode and He-Ne laser. The 
reason for this is that the photomultipliers have maximum quantum 
efficiencies at the lower wavelengths whereas the APDs drop off in quantum 
efficiency in this region.
Dopheide’s results must be treated with caution for a number of reasons 
which are described as follows.
The maximum gains (<1000) of APDs is considerably lower than 
photomultipliers (gains ~10 000) and careful pre-amplification is required 
when using APDs. For this reason the SNR of APDs is dependent on the type 
of preamplifier employed. The 50ohm input amplifier employed in their 
work has been shown by Runge [3.17] (Chapter 5) to be more noisy than 
transimpedance or high input impedance pre-amplifiers. Furthermore some 
of the APDs are already packaged with a pre-amplifier thus measurements are 
also inconsistent.
Inconsistencies also occur in that the detection area of each APD is not 
constant. Those with areas smaller than the image of the measurement 
volume will obviously be handicapped.
Background light level and signal bandwidth were not varied. Theoretical 
work by McIntyre [3.18] indicates that these are important in sensitivity 
comparisons.
Despite these cautions the comparison results provide useful design data.
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3.5 Accuracy of Semiconductor LDVs
Knowledge concerning the accuracy obtainable with solid-state LDVs is 
important when considering the application of such systems. In recent years 
considerable research has been made in this area. Errors occur in Laser diode 
systems due to the sensitivity of the laser diode (particularly its wavelength) 
to operating conditions such as laser driver current and temperature and due 
to perturbations of the optical alignment of the LDV system. Perturbations 
can be caused by external factors such as temperature, vibration, etc. With 
laser diode systems these perturbations are more severe than with gas laser 
systems due to the high magnification lens required to collimate the laser 
diode beam.
As previously stated, laser diode beams are Gaussian parallel to the laser 
stripe and Lorentzian perpendicular to it. First studies on the accuracy of 
solid-state systems by Bopp et al [3.19] were done with the Gaussian 
component of the laser diode beam in the plane of measurement. They 
looked at thermal misalignment of the collimator assembly and temperature 
induced change in the wavelength of the laser diode.
Their experimental results for thermal effects (figure 3.18) were obtained with 
the setup in fig 3.17. Computational results are also shown. The computed 
curve marked "wavelength effect" is the frequency error caused only by the 
drift in wavelength of the laser. From these curves it can be seen that the 
thermal expansion of the collimator assembly is more significant than the 
error caused by dependence of the wavelength on temperature. It was pointed 
out that the thermal expansion effect is not only relevant to laser diode LDVs 
but also to LDV applications employing optical fibers and integrated optics.
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Durst et al [3.20] studied experimentally and computationally misalignment 
of the collimator with the Lorentzian component in the plane of 
measurement. They also provided more results with the Gaussian 
component in the plane of measurement than those published earlier. As 
well they extended the results from a single point in the measurement 
volume to a range of points along the z-axis (figure 19). To present the results 
more easily, frequency error was defined to be the difference in frequency 
from that occurring at the centre of the measurement volume. Figure 3.20 
shows a typical result they obtained due to collimator misalignment.
From their results it was concluded that active temperature control is needed 
only for very precise measurements (eg. turbulent intensity measurements 
less than 1%) and should be applied to the entire diode-collimator assembly. 
A number of other important conclusions were also reached.
It was shown theoretically and verified experimentally that the error 
associated with the astigmatic nature of the laser diode beam is negligible. 
They concluded that it was therefore unnecessary to include optical 
components to remove the astigmatism of the laser diode beam.
The frequency error measured with the Lorentzian component in the plane 
of measurement is sensitive to the type of processor used. It was found that 
the frequency error was larger for counter processing than for spectrum 
analysis. This was shown to be caused by non-uniform fringe spacing along 
the x-axis . With the Gaussian component in the plane of measurement the 
measured frequency error which was insensitive to the type of processor 
indicating that the fringe spacing was uniform along the x-axis.
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Figure 3.1 Solid-State LDV of Shaughnessy and Zu'ib [3.1].
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Figure 3.2 Solid-State LDV with grating to achieve equal path length
beamsplitting [3.3].
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Figure 3.3 Miniaturised Laser Doppler velocimeter of M de Mul et al [3.4].
Fig 3.4 Battery powered LDA developed by Brown, Burnett and Hackney [2.21],
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Fig 3.6 Modular LDV developed by Bopp et al [3.8] for airflow measurements.
Figure 3.7 Frequency shift solid-state LDV of Jones et al [3.10].
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Figure 3.8 Laser Doppler Vibrometer/Velocimeter based on 
Michelson Interferometer [3.11].
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Figure 3.9 Laser Doppler Vibrometer/Velocimeter using Self-mixing in the
laser diode chip [3.12].
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Figure 3.12 Experimental setup for APD sensitivity measurements with 
He-Ne laser (A=633nm) and Ar-Ion laser (A,=514nm).
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Figure 3.15 Experimental setup for APD sensitivity measurements
with laser diode (X=830nm).
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Figure 3.19 Optical layout showing coordinate notation for collimator 
misalignment results of Durst et al [3.20].
5 0
2.5 -
0 . 0 "
-2. 5
-5 . 0  *
-7.5-
- 10.0
- 3 0 0  - 2 0 0  -100 0 100 200  3 00
Z|Inn
P OS I T I ON  A L O N G  Z ~ A X I S  OF M E A S U R E M E N T  V O L U M E
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Chapter 4
Literature Review of the 
Measurement of Flow in Thih Gaps
LDVs with very high resolution suitable for application to flow fields of 
microscopic dimensions are called Laser Doppler microscopes. Microscopic 
flow fields commonly occur in biology such as in the veins of animals or 
humans, in tribology such as in the thin films of bearings, and in turbulent 
flow such as in the boundary layer near a wall.
’The high spatial resolution and non-invasive nature of the LDV may be 
used to advantage to study small scale flow" [4.1]. This chapter reviews some 
of the developments that have occurred in microscopic LDV.
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4.1 Early Flow Measurements in Thin Gaps [4.2]
Probably the first application of laser Doppler velocimeters to microscopic 
flow was by Mishina et al in 1974 [4.2]. Their system is described as follows 
(figure 4.1a & 4.1b). The beam from a He-Ne gas laser was split by a Koester 
prism (figure 4.1b). Due to the tolerance errors in the angles of the prism the 
beams were not exactly parallel. They were subsequently made parallel by a 
series of prisms. The parallel beams were then directed towards the flow by a 
cube beam splitter and crossed by a microscope objective into the flow (figure 
4.1a). The system could be made to operate in forward or backscatter 
depending on how the beams entered the flow. An illuminating lamp 
system was provided along with an observation system to allow the 
measurement region to be viewed. The scattered light passed through the 
cube beam splitter and was directed by a plate mirror onto a photomultiplier. 
With a 40X objective the parameters of the LDV were calculated as: beam 
crossing angle =25°; probe volume diameter = 5jim; and fringe number =3. 
With only three fringes the Doppler signal bandwidth was a relatively high 
40%. Mishina processed the Doppler signal by measuring the time between 
each fringe of the Doppler signal. This was claimed to be superior to other 
signal processing techniques of that period since it was possible to perform 
more than one measurement within one Doppler burst from which the 
averaged, more accurate velocity of the flow could be obtained. The 
operation of the processor was explained in greater detail in later papers [4.3],
[4.4].
Flow was measured in a square section channel of dimensions 1mm X 1mm. 
The channel was 10mm long. Tap water was fed to the channel with a
Chapter 4 Literature Review of the Measurement of Flow in Thin Gaps 78
polystyrene pipe of inside diameter 0.5mm. The diameter of the probing area 
for this application was about 10pm and the number of fringes observed was 
five. The flow velocity was measured at 32 points across the channel in equal 
intervals of 25pm. The results for 16 points ie. half of the cross-section are 
shown in figure 4.2. The closest approach to the wall was 0.1mm.
4.2 Flow Measurements of Blood Flow in Veins [4.5]
Following the successful demonstration of their LDV microscope, Mishina et 
al applied the instrument to measure the flow velocity in the veins of a frogs 
web [4.5]. For this application their instrument was set up to collect forward 
scattered light (figure 4.3). To prevent the incident radiation from reaching 
the detector the receiving apparatus was set at an angle to the optical axis.
Two veins were examined. One of the veins had a diameter of 10pm 
whereas the other had a diameter of 70pm. Only a centre line measurement 
was possible with the 10pm vein. In the 70pm vein seven points were 
measured in 5pm intervals from the centre line to the wall (figure 4.4).
4.3 LDV With Frequency Shift [4.6]
Oldengarm et al [4.6] developed a forward scatter differential Doppler system 
for velocity measurements in thin films which introduced a number of 
improvements over Mishina's LDV.
LDVs are normally setup to take measurements across the flow in line with 
the optical axis of the system. In microscopic flow the distance between the 
two walls of the flow is small. Therefore it is necessary to minimise the
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measurement volume length along the optical axis of the system. From 
equation 2.24 of the theory section of this thesis this dimension is given by
(4.1)
Therefore it is apparent that to minimise this dimension a short focal length 
( f ) front lens, a large beam diameter (D) and a large cross-over angle (0) are 
required. Oldengarm employed a high numerical aperture lens (NA = sin0) 
and a large beam diameter to minimise the measurement volume 
dimension.
A further improvement was that a rotating diffraction grating was employed 
as a beam splitter. This solved two problems. Firstly it allowed a very small 
measurement volume to be created without the alignment problems 
experienced by Mishina. Secondly the frequency shift introduced by the 
rotation of the grating allowed measurements close to walls. Close to the 
wall the velocity gradient is usually steep which widens the Doppler signal 
bandwidth. Eventually the signal bandwidth may be overlapped by the 
pedestal particularly if there are only a few fringes in the measurement 
region. Frequency shifting allows the pedestal to be easily removed from the 
signal with filters.
The optical arrangement is shown in figure 4.5. The laser was a lmW Spectra 
Physics Model 133 laser. The laser was focussed onto the diffraction grating 
with a 50mm focal length lens LI. The two first order beams emerging from 
the grating were collimated by another lens L2 (focal length=300mm). The 
resulting parallel beams were thus enlarged compared to the original beam 
by a factor equal to the ratio of the focal lengths of these lens (in this case 6).
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The parallel beams were then crossed to form the measurement volume 
with lens L3 (focal length=50mm). The scattered light in the forward 
direction was collected by lens L4 and focussed onto the photomultiplier 
(Philips XP 1002) by lens L5. The intensity of the two first order beams was 
0.26mW each and the angle between them was 6.2°.
The beam crossing angle in air was 36°. The calculated measurement 
volume dimensions in water were: diameter=8|im and length 35fim. The 
fringe spacing was lpm giving eight fringes in the measurement volume. It 
was attempted to increase the beam expansion ratio beyond six but this 
resulted in a deteriorated beam quality of the expanded beam. The lens 
selected were corrected for spherical aberration for plane wavefronts. This 
choice minimised the effect of spherical aberration on the size of the 
measurement volume. Signal processing was performed with a Tektronix 
spectrum analyser.
The flow to be measured was a thin film of a thickness of approximately 
0.25mm. The film was created from tap water flowing down the inside 
surface of a glass tube. The tubes inside diameter was 25mm. Seeding 
occurring naturally in the water was used. The measurement region was 
traversed across the flow by moving lens L3 with a micrometer table. Results 
at various points across the flow are shown in figure 4.6. The wall was 
approached to within 13.6|im. Close to the wall a narrow signal appeared in 
the frequency spectrum with a frequency equal to that of the frequency shift 
(figure 4.6b). This was due to particles fixed to the wall scattering light. They 
located the wall position from this signal by assuming that the amplitude of
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this signal reached a peak value when the centre of the measurement 
volume was at the wall (figure 4.6a).
4.4 Simple, Practical Laser Doppler Microscopes [4.7]
Recognising that existing LDV microscopes were difficult for the non­
specialist to apply, Cochrane and Earnshaw [4.7] demonstrated three simple 
practical laser Doppler microscopes. Three systems were studied: a 
differential Doppler system (figure 4.7(a)); an internal reference beam system 
(figure 4.7(b)); and an external reference beam system (figure 4.7(c)). All of the 
systems operated in forward scatter. The outstanding feature of this work is 
that the optical systems were all simple modifications of a standard research 
optical microscope.
The flow under investigation was positioned as usual in the viewing plane 
of the microscope. The laser beam from a 2mW He-Ne laser was split with a 
cube beam splitting cube. These beams then entered the microscope through 
its condenser lens below the viewing plane. (Normally the condenser lens 
would focus a lamp to illuminate the viewing plane). Light scattered 
upwards was collected by the viewing section of the microscope (main stage) 
and focussed onto a photomultiplier. The condenser lens of the microscope 
(Cooke No. 30563, numerical aperture 1.4, Vickers Instruments Ltd, York.) 
was modified by removing its top element. This prevented distortion of the 
laser beams and also increased its focal length to 8mm. The numerical 
aperture became 0.78. The size of the measurement volume was not given. 
A movable mirror allowed the test section to be viewed by the operator so 
that the laser beams could be accurately positioned at the region of interest.
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For the differential Doppler system and the internal reference beam system, 
the cube beam splitter was arranged so that two parallel beams were formed. 
In the differential Doppler system the parallel beams entered the condenser 
lens symmetrically about its optical axis. In the internal reference beam 
system the two parallel beams entered the lens with one of the beams 
(reference beam) passing along the optical axis so that it was undeflected. The 
other beam entered off-axis.
For the external reference beam system the cube beam splitter was arranged 
to form two right-angle opposed beams. One of these beams (scattering beam) 
entered the condenser lens off-axis and created the measurement region in 
the flow. The other beam (reference beam) was passed around the 
microscope external to the flow and re-entered the microscope near the 
photomultiplier where it was mixed with scattered light form the flow.
The reference beam in both internal and external systems was created by 
inserting a neutral density filter into one of the beams from the beam 
splitter. The intensity ratio of the reference beam to scattered beam was 
adjusted to be between 10 to 100 depending on the filter used.
The signal from the photomultiplier was analysed with a Malvern K7023 
photon correlator.
The systems were used to measure the flow velocity at the centre line of 
narrow channels. The channels were made from two flat sheets of glass with 
stainless steel shim glued between them. The width of the channel was set by 
the thickness of the steel shim which ranged from 60 pm to 250pm. The flow 
mediums studied were: de-ionised water seeded with polystyrene spheres;
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de-ionised water seeded with milk aggregates; and saline solution seeded 
with fresh red blood cells. Successful velocity measurements were made 
with all of the Doppler systems. Velocities were of the order of lOmm/sec.
The reason for having the reference beam external was to improve the signal 
to noise ratio. In support of this reasoning reference was made to the theory 
developed by She and Wall [4.8]. However there was no attempt to verify 
this experimentally. It would appear that the alignment problems which 
occurred with the Koester beam splitter of Mishina did not occur with the 
cube beam splitter.
4.5 Large Working Distance LDV [4.9]
A problem occurring with microscopic LDVs is that they have small working 
distances. This is due to the fact that to achieve a small measurement 
volume a short focal length front lens is required. Koniuta [4.9] overcame 
this problem by crossing the beams at a very steep angle. In this way, the 
same measurement volume length could be obtained with a longer focal 
length lens.
Koniuta's system is shown in figure 4.8. The laser was a 15mW He-Ne laser. 
The beamsplitter consisted of a series of prisms which produced a pair of 
parallel beams spaced at 80mm. One of the beams was passed through a 
Bragg cell to achieve frequency shifting. After the beam splitter each beam 
was enlarged by beam expanders. The expansion ratio was seven giving 
beam dimensions of 7.7mm. To cross the expanded beams at a large angle 
triangular prisms placed in the path of each beam were used. The beams
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were then focussed with a pair of lens each with a focal length of 50mm. 
Many of the components were from DISA electronics [4.10].
The LDVs specifications in air were: measurement volume length 6.3pm X 
9.4pm X 5.2pm; beam crossing angle = 67.6°; and fringe spacing = 0.57pm 
giving 11 fringes in the measurement volume. The calculated dimensions 
were confirmed with a microscope.
The system was applied to study water flow occurring about a stainless steel 
wire stretched across the inside of a glass tube . The tube had a diameter of 
10mm and the wire was 0.206mm in diameter. First to establish that the LDV 
actually worked, the flow in the tube with the wire removed was studied. 
Laminar fully developed flow occurred. The measuring volume was 
traversed across the flow by moving the tube. The scattered light was 
detected with a photomultiplier and processed with a DISA tracker. A nearly 
continuous Doppler signal suitable for a tracker was produced by seeding the 
flow with milk.
The results were compared with a theoretical profile across the tube based on 
a mass and time measurement of the average velocity. Firstly the centre line 
velocity of the tube was varied up to 0.2m/s. The standard deviation of the 
ratio of the LDV measurement to the theory was less than 3.5% at different 
centre line velocities. Then the profiles across the tube were compared. At 
the centre the LDV velocity profile differed from the theoretical by a standard 
deviation of 1.8%. Close to the walls the standard deviation increased to 
13.2%. The increased error close to the wall was attributed to distortion of the 
Doppler fringes since in air observation of the measurement volume in a cut
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glass tube with a microscope had shown that the fringes became distorted as 
the wall was approached.
With the LDV performance established the wire was inserted into the tube 
and a series of measurements were taken. Measurements well within 50(im 
of the wire were obtained.
4.6 Measurements Near Walls [4.11]
Mishina et al [4.11] demonstrated theoretically that the SNR of near wall 
measurements is strongly determined by the geometry of the LDV system. 
Mishina's study was motivated from work concerning the application of 
laser Doppler microscopes where difficulties were experienced in measuring 
near walls. Light scattered from the surface off a wall reduces the effective 
SNR of LDV systems. Their results are especially aimed at the design and 
operation of laser Doppler microscopes.
The setup for their computational model is shown in figure 4.9. The system 
is a conventional forward-scatter differential Doppler system. The Doppler 
signal was assumed to come from a single particle at the centre of the 
measurement region. This signal was assumed directly proportional by the 
factor a  to the intensity of the two crossed beams. The detector was 
positioned at the image point of the particle. The noise signal was assumed 
to be only due to scattered light from the wall. Its magnitude was assumed 
directly proportional by the factor p to the intensity of the scattered beams. 
The scattered light from the wall and from the particle were both assumed 
to propagate as point functions.
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The SNR was calculated by integrating the signal intensity and the wall 
scattered light intensity over the surface of the detector. The magnification 
factor of the particles image at the detector is given by M=b/a. A defocussed 
image of the wall occurred at the detector surface.
The SNR was found to be a function of the receiving lens magnification and 
aperture (1), the distance (d) of the measurement volume from the wall and 
the beam crossing angle (0). The ratio of the intensity of the signal to wall 
scattering was set at 100. The laser beam diameter was chosen so that its waist 
diameter at the measurement region was 64}im.
From there results it can be concluded that a low magnification is required 
for measurements near walls. This is particularly noticeable at small beam 
crossing angles. The aperture radius of the receiving lens is also important 
particularly at high magnification. Small apertures are favoured for near 
wall measurements. However as the crossing angle is increased the effect of 
the aperture size diminishes.
4.7 Fiber Optic LDV [4.12]
Robinson and Turner [4.12] employed the same basic idea as Koniuta, ie they 
used a large beam crossing angle so that the LDV would have a microscopic 
measurement volume and a large working distance. In Koniuta's work the 
beams were crossed with prisms whereas in Robinson's work it was with 
fiber optics.
Their LDV is shown in figure 4.10. The laser was a He-Ne gas laser of 30mW 
power output, and beam waist diameter of 1.25mm. The beam from the laser
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was focussed onto a rotating diffraction grating. Details of the grating can be 
found in the table accompanying the figure. Seventy to eighty per cent of the 
incident light was diffracted into the two first order beams. The maximum 
frequency shift produced by the rotating grating was 120kHz. The two first 
order beams were then coupled into single-mode optical fiber with X40 
microscope objectives. Polarisation maintaining fiber was not used. The X40 
objectives reduced the beam to a size smaller than the optical fiber core 
diameter so as to allow for beam wandering caused by the rotation of the 
grating. The beams emerging from each fiber were collimated by 80mm focal 
length lens (L2, L4) into beams with diameters of approximately 15mm. After 
collimation each beam was focussed down to a small size with lens of 
140mm focal length. The output ends of each fiber with the collimator lens 
and focussing lens were positioned so that the focussed beams crossed at an 
angle of 40°. The measurement volume length and diameter were 25pm and 
8pm respectively. The fringe spacing was 0.92pm giving nine fringes. The 
scattered light was collected and focussed into a multimode fiber. An 
avalanche photodiode was used as a photodetector. Tests by Robinson 
indicated only minor variations in beam intensity of the transmitted beams 
due to the wander of the beams by the rotating diffraction grating. Vibration 
problems were experienced which caused the beam waists to oscillate in the 
measurement volume reducing the visibility of the fringes. Robinson did 
not mention that since the fibers were not polarisation preserving, the 
visibility problem could also have been caused by random polarisation of the 
output beams. There were no experimental results presented although the 
projected measured interference pattern was shown.
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4.8 Diffraction Grating LDV1990 [4.13]
Nijhof and Heethaar [4.13] constructed an LDV (figure 4.11(a)) for 
measurements in thin gaps using the same basic layout as Oldengarms LDV. 
Differences between the two systems were that Nijhof and Heethaar used a 
stationary diffraction grating, their lens were of different focal lengths, and 
they used a photodiode as a photodetector instead of a photomultiplier. The 
instrument was intended for the in-vitro study of flow.
Most of the optical components were from Spindler and Hoyer. The laser 
beam (2mW Spindler & Hoyer He-Ne laser) was focussed onto the 
diffraction grating by lens LI. The grating split the beam with the greatest 
intensity going into the first order modes (0.7mW each) which were used for 
the LDV. These were collimated by lens L2 and focussed by lens L3 into the 
flow. As with Oldengarm lens L3 was a high numerical aperture lens, in this 
case a Philips RP025 f/0.95 aspherical lens. The scattered light was collected by 
lens L4 and focussed by lens L5 onto a Spindler & Hoyer KD1 photodiode. 
The Doppler signal was recorded with an A/D converter card and processed 
using a Fast Hardley Transform (FHD) algorithm (similar to the fast-Fourier 
transform) to determine the particles velocity. As well as velocity, the 
particle concentration was also measured. To do this, the number of Doppler 
signal bursts was counted with a HP5325B counter. When measuring the 
concentration, a high pass filter was placed after the preamplifier to remove 
erroneous signals generated by particles crossing the beams outside the 
measurement volume. The bandwidth of the LDV was limited by the speed 
of the A /D  converter. Velocities up to 40 cm/sec could be measured. The 
calculated parameters of the LDV with the measured parameters in brackets
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were: measurement volume = 5.6 X 5.9 X 19.2 pm (5.7 X 6.0 X 20.0 pm); fringe 
spacing = 1.07pm (1.08 ± 0.05pm); and fringe number = 5.
A rotating razor blade was used to test the system. In air the Doppler signal 
contained five fringes however when they immersed the razor blade in 
water broadening occurred in the signal. The number of fringes increased 
and the detector amplitude decreased. They corrected this broadening by 
adjusting the grating lens LI.
Poiseuille flow in a 1mm tube was measured (figure 4.11(b)). Seeding was 
provided by polystyrene spheres 4pm in diameter. The measured velocity 
deviated by less than 3% from the theoretical parabolic curve and their mean 
velocity was within 5% of that obtained with a volumetric measurement. 
Their concentration agreed to within 7% with the mean concentration 
(dashed line).
4.9 Small Receiving Aperture LDV [4.14]
Whilst other researchers reduced the measurement volume to achieve high 
resolution, Mazumbder and his colleagues achieved high resolution by 
reducing the aperture size of the receiver. They used an undersized aperture 
in the receiver so that only a very small portion of the measurement 
volume was actually viewed (figure 4.12).
Their LDV was designed for application to the boundary layers occurring on 
an airfoil or other surface of an object in a wind tunnel. Very large velocity 
gradients are encountered in boundary layers which are typically only a few
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millimetres in thickness. Thus for measurement in the boundary layer a 
high resolution LDV is required.
Their system consisted of a two component differential Doppler LDV. 
Frequency shifting was employed. The scattered light was collected in 
forward scatter. They used two receiving optical systems depending on the 
distance of the measurement volume from the wall.
For measurements close to the wall a microscope objective was used. A 
pinhole aperture (120pm) was placed in the image plane of the microscope 
objective. The magnifying power of the microscope (X10) and the diameter of 
the pinhole determined how much of the volume was viewed by the 
photodetector. The microscope objective and the pinhole were mounted on 
an x-y translator so that they could be positioned with a resolution of 
approximately 40pm.
For measurements far away from the wall, outside the working distance of 
the microscope objective, two camera lens collected the light and focussed it 
onto the same 120pm pinhole.
They measured the effective measurement volumes of both receiver systems 
by translating a 12.5|im thick mylar film across the LDV measurement 
volume and recording the variation of signal amplitude. The effective 
volume of the microscope system was less than 100pm and that of the lens 
system was approximately 400pm.
They used the LDV to study the boundary layer on a plexi-glass wall of a low 
speed wind tunnel (figure 4.12). The free stream velocity had a turbulent
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intensity of 1.5%. They thickened the boundary layer by attaching a piece of 
sandpaper to the wall at the entrance section of the tunnel. Special 
precautions were implemented by Mazumbder and his colleagues in the 
mounting of the receiving optics to ensure low levels of relative vibration 
(less than 1pm in amplitude) between the tunnel wall and the receiver. 
Their measured profiles close to the wall and at large distance from the wall 
agreed well with the theoretical profiles for these two regions.
m
KOESTER
PRISM
MICROSCOPE
OBJECTIVE
(b)
I LLUMINATING SYSTEM
SYSTEM 
OF FIG 1
(a)
P
Figure 4.1 LDV microscope of Mishina [4.2]: (a) overall arrangement 
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Figure 4.5 LDV microscope of Oldengarm et al [4.6].
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Figure 4.7 Cochrane and Earnshaw [4.1] (a) differential Doppler mode; (b) internal
reference beam mode; (c) external reference beam mode.
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Figure 4.8 Optical layout of microscope LDV developed by Koniuta [4.9].
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Figure 4.12 Reduction of LDV sensing volume by using a microscope objective 
and a pinhole aperture for achieving a high spatial resolution in velocity
measurement.
Chapter 5
Literature Review of Preamplifiers for
Photodiodes
The noise produced in converting the optical signal from a scattering particle into 
an electrical signal determines the minimum signal which the LDV is able to 
detect. Thus minimising this noise is essential in achieving good performance 
particularly with the low power of the lasers employed in this thesis. Noise is 
produced in the photodetector and in the preamplifier. Photodetector noise can 
be minimised by choosing a device with low noise characteristics whereas 
preamplifier noise is minimised by careful design. This chapter reviews some of 
the more important preamplifier designs that have been developed for 
photodiodes.
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The preamplifier topology's discussed in chapter 2.15 can be realised using field 
effect transistors (fets) and bipolar transistors in a number of different ways.
One of the first pre-amplifiers for photo-detectors was developed in 1976 by 
Runge [5.1]. This was a high-impedance design with three fets forming the input 
stage and two equalisers (figure 5.1). The high-impedance amplifier with a 
photo-diode achieved almost a lOdB improvement in sensitivity compared to an 
amplifier merely loaded with a resistor to obtain the same frequency response. 
The performance of the photo-diode was found to be much more sensitive to the 
input resistance than the Avalanche Photo-diode. For high input impedances 
(100k) the sensitivity of the photo diode approached that of the APD whereas at 
low input impedances it dropped-off rapidly.
It was soon realised that the high-input impedance design has several draw 
backs. Their major faults are that they are complicated to design and suffer from 
a loss in dynamic range (ratio of maximum to minimum signals). The later occurs 
because low frequency signals experience greater amplification than high 
frequency signals. Thus a signal with a low modulation may not be able to be 
amplified if the low frequency component (pedestal) saturates the amplifier.
The later problem occurs because the amplifier has a very large gain before the 
equaliser and thus saturates relatively easily. Before the equaliser, the amplifier 
has a large gain at low frequencies which makes it prone to overload with signals 
having a large low frequency content. If the amplifier section overloads the signal 
cannot be restored with the equaliser. This is especially important for LDV 
signals which often have low modulation (ie. visibility).
At about the same time as Runge's work, Hullet & Muoi [5.2] developed a multi­
stage transimpedance amplifier as an alternative to the high-impedance amplifier
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(figure 5.2). A wide bandwidth was achieved by the feedback and by following 
the design guidelines of Cherry & Hooper [5.3]. These guidelines involve 
alternating high and low impedance stages to form the amplifier. Such principles 
have also been applied in the design of the amplifier employed in this thesis for 
testing the avalanche photodiode (chapter 8, figure 8.11) [5.4].
The advantages of transimpedance amplifiers were later summarised by Smith et 
al [5.5]. They recognised that transimpedance amplifiers, don't require 
equalisation to the same extent as high-impedance design and therefore are free 
of the problems associated with equalisers. However they noted that they are 
slightly more noisy (due to the additional noise produced by the transimpedance 
resistor). They designed a simple transimpedance amplifier consisting of three 
transistors without an equaliser (figure 5.3). The first two transistors, common- 
emitter followed by common-collector (CE-CC) formed the transimpedance 
stage. The third stage, series feedback, provided additional gain and isolation. 
Smith et al estimated a ldB lower sensitivity compared to a high-impedance 
front end.
This type of transimpedance amplifier has proven very popular in many 
published articles. An integrated circuit variation (figure 5.4) was developed in 
1984 by Snodgrass and Klinman for an undersea light wave communication 
system [5.6]. Notable features of this circuit are the use of a level shifting diode in 
the second stage. This diode raises the collector-base voltage of the first transistor 
which reduces the miller-capacitance and results in a wider-bandwidth for the 
same feedback resistance (and hence noise performance).
One of the features of the CE-CC transimpendance amplifier is that it has a high 
effective input capacitance due to the miller capacitance. Consequently a low
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feedback resistance must be employed and noise is high. An amplifier which 
overcomes the miller capacitance was published by Ogawa and Chinook [5.7]. It 
featured a cascode front end followed by common-collector buffer with feedback 
over all three stages (figure 5.5). With no miller capacitance, a larger feedback 
resistance could be employed. This amplifier has also proven very popular. The 
common base stage presents a low input impedance to the common-source first 
stage which reduces its voltage gain and therefore miller-capacitance.
The noise performance of the CE-CC and cascode amplifiers were compared 
against each other by El-Diwany et al [5.8]. They reached the conclusion that if 
each amplifier has the same frequency response characteristics then their 
performance is quite similar.
Another way to eliminate the miller capacitance is to use a common-collector as 
the first stage. A common-collector stage inherently has a wide bandwidth. 
Furthermore a common-collector has a low output impedance to the following 
stage. With these ideas in mind, Sibley and Unwin [5.9] published the common- 
collector amplifier of figure 5.6. The feedback capacitance of the first transistor is 
effectively in a bootstrap configuration and does not degrade the frequency 
performance. By careful design they insured that the second-stage noise did not 
significantly effect the overall noise performance. Notable features of this circuit 
topology are its simplicity.
In some applications there is a requirement for the amplifier to be insensitive to 
photo-diode capacitance. This occurs if the photo-diode capacitance is unknown 
or if it has a wide tolerance. Meyer and Blauschild [5.10] noted that the CE-CC 
amplifier is ideally suited to such applications. Its large miller capacitance means 
that the photodiode capacitance represents only a small portion of the total input
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capacitance. Consequently its effect on the amplifiers bandwidth is relatively 
low. The integrated circuit (figure 5.7) designed by Meyer and Blauschild is now 
being produced by Signetics as the NE5212 [5.11]. From figure 5.7 it can be seen 
to be a three stage transimpedance amplifier (CE-CC-CC) followed by a wide- 
bandwidth differential amplifier. This amplifier was employed in this thesis in 
the final receiver design (chapter 6.2.3).
Another amplifier type developed for its insensitivity to detector capacitance is 
the common-base input amplifier of Wilson and Darwazeh [5.12] shown in figure 
5.8. In a comparison with the CC-CE amplifier discussed previously it was 
shown that the common-base input amplifier had far superior insensitivity to 
detector capacitance. Conversely its noise performance was inferior and only 
become competitive at high frequencies.
Equalisation is sometimes employed with a transimpedance amplifier so that 
larger feedback resistances can be used. One such amplifier is the three stage 
cascode bipolar amplifier of Mitchell et al [5.13] (figure 5.9).
In some applications, such as in optical wireless, a large diameter photodiode 
must be used. These photodiodes have a large capacitance which makes it 
difficult to achieve a wide bandwidth and low noise. For these applications a 
bootstrap configuration in combination with the transimpedance design, as 
shown in figure 5.10 [5.14], can be used to reduce the effect of the photodiode's 
capacitance.
+ HV + 2 0 V 
o + 5 V o
I S O L A T I O N
R E S I S T O R
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Chapter 6
Optical, Electronic and Mechanical
Design
The objective of this chapter is to specify the design of the LDV. Firstly the 
optical components for the LDV are chosen and there arrangement relative to 
each other specified. Then the electronic design is described in detail. This 
involves the design of the driver circuit for the laser and the design of the pre­
amplifier. Finally the mechanical details of the LDV are given using photographs 
and drawings. (Details of the construction and alignment can be found in 
Appendix 3).
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6.1 Optical Design
6.1.1 Selection of Collimating Lens
The first step in the optical design is to choose a collimating lens for the laser 
diode. There are a wide variety of lens available for collimating laser diode 
beams. The three main types are: Aspheric lens, Multi-element spherical lens and 
GRIN lens.
Aspheric lens (figure 6.1) are probably the most common type of lens for 
collimating laser diodes. Aspheric lens are single element lens especially shaped 
for application to high numerical apertures. In an ordinary lens the surfaces are 
spherical. In an aspheric lens, one or more of the surfaces are cut different to a 
sphere. A correctly formed aspheric surface exactly cancels spherical aberration 
that would be present in a spherical surface. Aspheric lens are designed to have 
much higher numerical apertures than spherical lens with equal spherical 
aberration.
The material from which the aspheric lens is made from can be glass or plastic or 
a combination of both. Plastics are widely employed in aspheric lens, especially 
as collimators for laser diodes in compact disk players. Plastic has many 
favourable attributes compared to glass. They are much cheaper, are less fragile 
and weigh approximately 1/2  that of glass. However plastics are more easily 
scratched than glass and they easily attract high static charges which attracts 
dust. Furthermore the thermal properties of plastic are much poorer than glass. 
Plastic softens at a relatively low temperature and its temperature dependence of 
the index of refraction is considerable greater than in glass. Glass lens are largely 
independent of temperature and humidity whereas the wavefront aberration of
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the plastic lens increases linearly with temperature and with water absorption 
(Sunohara et al [6.1]).
Spherical lens can not simultaneously be made with high numerical apertures 
and low wavefront aberrations. Therefore for application as collimators for laser 
diodes multi-element designs must be employed (figure 6.2). These type of 
collimators consist of two or more spherical lens. Wavefront aberration 
introduced into the beam by these type of collimators is very low. Some multi­
element lens include an Aspheric lens (figure 6.3).
A GRIN lens consists of a glass rod of a few millimetres diameter (figure 6.4, 6.5 
and 6.6). The lensing action takes place due to a variation in refractive index 
across the rods diameter (figure 6.4). A number of GRIN lens collimators for laser 
diode collimation are available.
Lens were selected from Melles Griot [6.2] who manufacture all of the lens 
reviewed above. Table 6.1 shows the specifications of their lens. The nominal 
dimensions of the collimated beam for the laser diodes employed in this thesis 
are shown in table 6.2. The multi-element lens is claimed to offer the least 
wavefront distortion. However it costs more than five times that of the single 
element lens and is also about 30% larger. Furthermore the beam from the multi­
element lens is rather large (for a miniature system) and would require 
additional beam reduction optics. For this reason and because of it high price this 
lens was not selected. The choice is then reduced to the GRIN lens or the 
Aspheric lens. Trials of the aspheric lens showed it to produce fringes in the far 
field. For this reason a GRIN lens was chosen because no fringes were observed 
with this lens.
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In order to obtain the simplest possible optical design, beam correction for 
astigmatism and ellipticity has not been fitted.
6.1.2 Specification of the Optical Components for the LDV [6.3]
With the collimating optics for the laser diode selected, the rest of the optical 
design could now be specified. The optical design is a trial and error process. The 
simplest possible layout with the minimum number of components was aimed 
for. All components were selected from the same company ie. Melles Griot [6.4]. 
and the part numbers listed refer to this company. The following describes the 
design that was settled on.
The beam dimensions of the laser diode are fixed by the collimator lens at 1.0 X 
3.3mm. For simplicity it was decided not to change the beam size using beam 
expansion or reduction optics.
The beam spacing selected is a compromise between obtaining a compact LDV 
and ensuring enough Doppler fringes to allow easy separation of the Doppler 
signal from the pedestal (to provide for a large number of Doppler fringes a large 
beam spacing is required (equation 2.26) which will increase the size of the 
probe). A beam spacing of 10mm was selected. This allows a small probe to be 
constructed and still allows 12 Doppler fringes to be obtained with the 1.0 mm 
beam dimension of the laser in the plane of measurement. To split the beam into 
two parallel beams a cube beam splitter and right-angled prism were employed. 
Although the path lengths of each beam are different for this type of beam 
splitter arrangement, the difference of about 15mm is negligible compared to the 
coherence length of the laser which is greater than lm. The beam splitter and 
prism have nominal dimensions of 5mm.
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One particular disadvantage of having the 1.0mm beam dimension in the plane 
of measurement is that there is a reduction in fringe visibility due to the 
polarisation vector of the laser. If this vector is positioned in the plane of 
measurement (figure 6.7) then the intensity of the fringes is reduced by the factor 
cos2 0 (where 0 is the beam crossing angle). This can be corrected by rotating the 
polarisation vector by 90° using a half-wave plate and this may be fitted to the 
probe at a later date when required.
The principal requirement for the front lens was to obtain as small a 
measurement region as possible with a single lens. According to the equations of 
section 2.4 this can be achieved by employing a lens with a short focal length. A 
21mm focal length achromat lens (part No. 01 LAO 014) and a 12mm focal length 
aspheric lens (01 LAG 001) were therefore selected which are the smallest focal 
length lens available in the Melles Griot catalogue with diameters greater than 
the 10mm beam spacing. Singlet lens were judged to be not suitable due to the 
spherical aberration present with such lens.
The purpose of the receiving lens is to collect the scattered light from the 
measurement volume and to focus it onto the photodiode. This lens was chosen 
to be a short focal length lens of diameter small enough to fit between the two 
spaced beams. The short focal length was to minimise the length of the system. 
Aberrations in the receiving system are not as important as for the front lens. 
Thus a simple convex singlet could have been chosen. However it was decided to 
use an achromat (01 LAO 001). A large diameter lens with holes cut through to 
allow the transmitted beams to pass through (figure 3.6) is often employed in 
LDV systems to collect more scattered light. Due to cost and time limitations this 
type of lens was not used. Furthermore such a large diameter lens has been
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shown theoretically by Mishina et al (chapter 4.6) to have inferior SNR 
performance close to the wall.
According to Mishina for measurements close to the walls the magnification of 
the receiver should be close to 1. The magnification of the receiver is determined 
by the transmitting and receiving lens (figure 6.8). It can be seen that the two lens 
behave as one lens. The magnification factor is equal to the ratio of the focal 
lengths of the transmitting and receiving lens. This is 0.83 and 0.48 for the 
aspheric-achromat and achromat-achromat lens respectively which is acceptable.
Ideally a pinhole should be fitted to the LDV to prevent reflected light from 
entering the photodetector and reducing the SNR - of particular importance for 
measurements close to walls where the scattered light intensity from the wall is 
high. The size of the photodetector should be matched to the image of the 
measurement volume on the photodetector. For the LDV designed here the 
image of the measurement volume is very small and alignment of the pinhole 
would have to be performed with a micro-positioner. To avoid this it was decide 
not to fit a pinhole.
This then completes the optical design of the LDV. Figure 6.9 shows the layout of 
the LDV with the achromat transmitting lens and table 6.2 the corresponding 
specifications. The specifications with the aspheric transmitting lens are shown in 
table 6.3. The specifications, dimensions and tolerances of the lens and optical 
components selected for the LDV are given in Appendix 4.
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Figure 6.1 Aspheric collimating lens
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Figure 6.2 Multi-element Collimator lens (Melles Griot [6.2])
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Figure 6.3 Multi-element Collimator lens (Seastar [2.19])
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Figure 6.4 Typical Refractive index profile across GRIN lens [6.10]
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Figure 6.5 Collimator lens for laser diodes have a pith less than one which provides 
for some working distance between the laser chip and GRIN lens.
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Figure 6.6 Sinusoidal ray path in Gradient index rod lens (pitch refers to the fraction of
sine wave that the ray travels).
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Figure 6.7 Diagram showing polarisation vector of laser diode in plane of
measurement.
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Figure 6.8 Diagram showing magnification of receiving assembly.
Figure 6.9 Optical Layout of Solid State Laser Anemometer Probe
TYPE & PART 
NO.
Dim. of Lens 
Mount
diam. X length 
(mm)
NA of Lens Clear Aperture 
(mm)
Working Distance 
(mm)
Wavefront
Distortion
(rms-wavelength)
Cost
$1994
Multi-element
Lens
(06 GLC 002/D)
18.3 X 15.8 0.500 8.0 1.33 X/6 371
Multi-element
Lens
(06 GLC 002)
14.3 X 10.8 0.500 8.0 1.13 X/4 371
Aspheric Lens 
(06 GLC 007)
8.6 X 8.7 0.530 4.9 1.42 X/3 208
GRIN Lens 
(06 GLC 009)
8.6 X 8.7 0.450 3.3 1.43 xa 113
Table 6.1 Comparison of Collimating Lens [6.2].
PARAMETER MINIMUM NOMINAL MAXIMUM
Wavelength (nm) 675 685 695
Laser Power (mW) 20
Working Distance 
(mm) 16.3 16.6 16.9
Focal Length 
(mm) 20.6 21.0 21.4
Beam Diameter 
(mm) 0.43 0.86 1.29
Beam Spacing 
(mm) 9.0 9.5 10.0
Number of 
Fringes 9 14 30
Instrument 
Bandwidth (%) 30 19 9
Measurement 
Volume X (|xm) 57 94 209
Measurement 
Volume Y (|im) 14 21 . 44
achromat front lens.
Table 6.2 Specifications of LDA with Toshiba TOLD9140(s) laser diode and
PARAMETER MINIMUM NOMINAL MAXIMUM
Wavelength (run) 675 685 695
Laser Power (mW) 20
Working Distance 
(mm) 7.8 8.4 9.0
Focal Length 
(mm) 11.2 12.0 12.8
Beam Diameter 
(mm) 0.43 0.86 1.29
Beam Spacing 
(mm) 9.0 9.5 10.0
Number of 
Fringes 9 14 30
Instrument 
Bandwidth (%) 30 19 9
Measurement 
Volume X (pm) 17 31 75
Measurement 
Volume Y (pm) 8 12 26
aspheric front lens.
Table 6.3 Specifications of LDA with Toshiba TOLD9140(s) laser diode and
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6.2 Electronic Design
6.2.1 Laser Driver Circuit
The following section describes the design of the laser diode driver circuit.
The objective of the driver circuit for a laser diode (for LDV purposes) is to 
stabilise against temperature variations in the optical properties of the output 
beam. By optical properties it is meant (1) beam intensity; (2) beam wavelength 
and (3) beam dimensions and divergence.
Driver circuits may be classed into two groups : Automatic Power Control (APC) 
Circuits and Constant Current Circuits.
Constant current circuits are used with feedback controlled thermoelectric 
coolers. The thermo-electrical cooler stabilises the temperature of the laser whilst 
the constant current source merely biases the laser at the desired operating point. 
As pointed out by Durst (chapter 3.5) the thermo-electric cooler should be 
applied to cool both the laser diode and its collimator lens. When the thermo­
electric-cooler is applied in this way these type of circuit stabilise all of the above 
optical properties.
Automatic power control circuits only stabilise the intensity of the laser. This 
prevents the laser from being accidentally operated above its maximum design 
rating due to temperature changes. Most Laser Diodes are packaged with an 
integral photo-diode which provides feedback for power stabilisation circuits. 
Example circuits are often published in Laser Diode Data books (see for example
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An APC circuit was used in this thesis but in the future it is intended to fit a 
constant current source with thermo-electric cooler. It was decided to mount the 
complete driver circuit in the probe. The advantage of this is that the system is 
immune to noise which may enter the laser driver circuit through the power 
cable. The disadvantages are that space (at least for the LDV of this thesis) 
restricts the type of driver circuit to only very simple designs (use of surface- 
mount components could eliminate this problem.)
Figure 6.10 shows the driver circuit. The circuit consists of a single Darlington 
transistor. The operation of the circuit is described as follows.
The voltage drop across the laser diode and the transistor is approximately 
constant. This sets the current through the variable resistor ( Rv) to a fixed value:
L FIXED
Vs—(Vm + V j
R„ (6.1)
where Vs is the supply voltage, VLD is the operating voltage of the laser diode, 
Vbe is the base-emitter voltage of the Darlington transistor and Rv is the variable 
resistance. The difference in current between the photo-diode (IPD) and this fixed 
current is amplified by the transistor to a value equal to the laser diode driver 
current:
^LD — PO-FIXED I p d ) (6 -2 )
where p is the transistor gain. The transitor gain is chosen very large so that 
IPD *  If ix ed  • Therefore the power output of the laser diode, as measured by the 
photodiode, is set only by the current I fixed and *s largely independent of 
temperature. The value of Rv to achieve a desired output power is then 
approximately
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R  = V \ - V LD
lPD
(6.3)
(Note the negative feedback of the circuit since if the laser diode power output is 
changed by an increase in temperature the photo-diode current will increase and 
tend to counteract this change.)
To judge the performance of the driver circuit it is necessary to determine the 
rate of change of power output with temperature. Figure 6.12 shows the 
relationship between laser power and laser driver current at different 
temperature for the TOLD9140(s). As the temperature increases the origin of the 
curve (laser threshold current) shifts to the right. However the slope of the curve 
remains constant. The relationship between power output and laser driver 
current i s :
Po = Siî LD — 1th} (6.4)
where 1^ is the laser threshold current (origin of the curve) and S: is the slope of 
the curve. Figure 6.13 shows the relationship between the laser diode operating 
voltage and driving current. Temperature changes result in only a small change 
in the origin of the curve (threshold voltage) but a slight change occurs in the 
slope of the curve. In these calculations temperature effects on the relation 
between 1^ and are ignored. The operating voltage is related to 1^ by
^ ld = H-R-ldIlp (6.5)
where is the resistance of the laser diode and is the threshold voltage. 
The relation between the photo-diode current and laser output power is simply 
(figure 6.14):
IpD = S2Pq (6.6)
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where S2 is the sensitivity of the photo-diode. Solving equations 6.1, 6.2, 6.4, 6.5 
and 6.6 for P0 as a function of Ira results in
P0«  +
S,S2ß S,____ß{Vs - V b.-VTH}
1 +  ß R ^/R v l +  ßRm/R, R, S J TH (6.7)
Differentiating P0 with respect to temperature
-S,p dV^ dlm 
dP0 _  RyÇl +  p R ^/R y) dT 1 dT
dT " L  w  )
1 I + P^ld/Rv J
(6.8)
The parameter values for the TOLD9140(S) (figures 6.12-6.14) laser are 
Si = 1.0W/A, RLD = 10a, VTH = 1.6V, S2 = 5xl0"3 A/W and dl^/dT = 0.4mA/°C. 
The parameters of the transistor (appendix 4) are (3 = 10kQ, Vbe=1.4V and 
dVbe/dT = 4mV/°C. Furthermore it is assumed that the laser is operated at 20mW 
output power and that the supply voltage, Vs, is 6V. Then from equation 6.3, 
Rv=21kft. Substituting these parameters into equation (6.8) we obtain 
dP0/dT = 0.075m W/°C. This degree of power stabilisation has so far proven 
adequate.
6.2.2 Error in Doppler Frequency Due to Temperature Variation
Since the wavelength of the laser will not be stabilised with the APC circuit, the 
measurement error of the LDV due to its variation with temperature is required.
The lasers wavelength appears directly in the Doppler equation 2.13. 
_ 2 v sin 9
~ X
(6.9)
So that the measured Doppler frequency (f) changes with temperature according 
to
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df _ -2vsinQ dX 
dT~ X2 dT
Therefore the uncertainty in Doppler frequency is
df/dT = -1 dX 
f ” X  dT
(6.10)
(6.11)
Figure 6.15 shows the wavelength variation with temperature of the TOLD 
9140(S) laser diode (other visible laser diodes from Toshiba are similar). Typically 
dtydT « 0.25nm/° C so that (df/dT)/f = 4 x 1CT4 (0C_1). Therefore a 10°C change in
temperature results in an error in Doppler frequency due to a drift in wavelength 
of only 0.4%. In most applications this will be acceptable.
The above error analysis only considered wavelength variation with 
temperature. Durst (chapter 3.5) showed that much larger frequency errors occur 
due to changes in the beam dimensions and divergence due to thermal expansion 
of the laser diode collimator assembly. According to Durst, unless the diode LDV 
is operated in a laboratory controlled environment, it is not suitable for 
turbulence intensity measurements less than 1%.
6.2.3 Pre-amplifier for LDV [6.5], [6.6]
It was decided to use a common-emitter common-collector transimpedance 
amplifier for the LDV probe. The reasons for this were that this type of amplifier 
has a low number of parts and as shown by the literature review has also proved 
very successful and reliable in fiber optic communication systems.
Figure 6.16 shows the final design. Data for the BFR92A transistor may be found 
in appendix 4. A relatively high supply voltage of 15V was required to ensure 
that the BFR92A transistors were operated with a low collector-base capacitance. 
The level shift provides for a collector-base voltage across the first transistor of
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9.7V which according to the specifications of the BFR92A transistor gives a 
collector-base capacitance of 0.5pF. The bias current of the first transistor was set 
at 0.5mA. The second transistor was operated at 1.5 mA.
To determine the frequency response and noise characteristics and to select the 
feedback resistance the amplifier was modelled using the circuit simulator 
PSPICE [6.7]. A feedback resistance of 3.3kQ. was chosen which gives a 3dB 
bandwidth of approximately 90MFlz (figure 6.17). Noise characteristics are given 
in figure 6.18 where it can be seen that the low frequency noise current at the 
input is about 2.8pA/VHz. The circuit was terminated in a common-collector 
stage to provide buffering.
The amplifier designed here was used in testing but was later replaced with the 
integrated circuit amplifier NE5212 from Signetics [6.8] which is of a similar 
design except feedback is applied over three stages.
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Figure 6.16 Preamplifier for Solid-State LDV investigation.
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Figure 6.17 Frequency characteristics of pre-amplifier as predicted by PSPICE.
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Figure 6.18 Noise characteristics of pre-amplifier as predicted by PSPICE.
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6.3 Future Development of the Pre-Amplifier for the LDV.
To provide information for the selection of future pre-amplifier it was decided to 
compare the performance of the common-emitter amplifier with the common- 
collector amplifier. Time prevented comparison with other amplifiers such as the 
cascode and common base input amplifiers mentioned in the literature review of 
chapter 5. This section is concerned with this comparison. (The symbol notation 
used in this section is according to the circuit diagrams and reference [6.9]).
It is the objective of this section to compare the noise and sensitivity to detector 
capacitance of two types of two-stage transimpedance amplifiers namely: CE-CC 
and CC-CE (figure 6.19 and 6.22 respectively). Time has prevented the inclusion 
of a common base and cascode front-ends in this comparison. The comparison is 
done under conditions of identical frequency response characteristics. The 
outcome of these results provides design information for future amplifier designs 
for LDV.
The first step in the comparison was to derive equations describing the frequency 
response of each amplifier (section 6.3.1 and section 6.3.2). For this derivation the 
amplifiers were modelled as a two pole response so that the frequency response 
is completely described by the quality factor (Q) and natural frequency (co0). (A
review of the frequency response of an amplifier is given in appendix 2.1). After 
this the input noise current was calculated (section 6.3.3). Finally the comparison 
between each amplifier was done in section 6.3.4.
6.3.1 Frequency Response Characteristics of the CE-CC Amplifier
The small signal model of the CE-CC amplifier is shown in figure 6.20 and the 
notation used for this analysis is shown in figure 6.21. The amplifier contains
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three poles and two zeroes. However we assume that the third pole is sufficiently 
far away from the other poles to have any significant effect on the response. With 
this assumption the frequency response is completely defined by co0 and Q.
The open loop dc gain of the amplifier is by inspection of the small signal model
A0 = gmlRiR2 (6.12)
To determine the open loop time constants ^ and a2 the method of Miller and 
Grabel (appendix 2.2) was employed which is refereed to as the "time constant 
method". The time constants are
3l1 — C j R j  + C 2 { R L ( l  +  gmlR l) +  Rl} +  C 3 R L  + C 4.R 3II
" r ? + r 4 '
V1 + gm2R4y
(6.13)
and
a2 —R1Rl(C1C2 -tC1C3 +C2C3)+C1C4R1.R3 (  r 2+ r 4 "
1 +  g m 2 R 4V
+ C2C4{RL(1+gmlRl)+R l}*R3
+C3C4RL.R3IIR4lll/gm2
' Vg-.+R«'
^l + gm2R4 y
The CE-CC contains two zeros given by
Zl~  gml/^2 
Z2 = Sm2 /̂ "4
(6.14)
(6.15)
(6.16)
which must be added to the open loop coefficient aj (in accordance with equation 
A 2.ll) so that it becomes
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a, = CjR, + C2 {RL (l + gmlRj ) + R,} + C3RL + C4. R;
I C4gmlR|R, C2R|R, 
gmjRf Rf
r 2+ r 4 a
gm2R4 J
+
(6.17)
By performing the actual numerical calculations for a typical amplifier it was 
found that the last term in a2 is quite small and may be neglected. Also the 
second to last term may be approximated as C2C4RLR1̂ i+gm,R4A
1 + gm2R
so that
4 J
a2 -rirlì CjC2+c1c3+c2c3+c2c, ' I + I mìC
V1+Sm2R4y
-l-QQR^R, ( r 2+ r 4 "
V 1 +  £ m 2 R 4 j (6.18)
With this expression for a2/ and using aj and A0 the natural frequency may be 
calculated from equation A2.6 to be.
co.= Sml
(k1+k2gml)Rf (6.19)
where
ki -Q C j+ Q C g + C ^ - C ^ . K .
R,
R 2 +  R 4
J  +  g m 2 R 4
+ - c c
l + gm2R<
(6.20)
^ _ C2C4r 4 
2 l+ g n A
(6.21)
Similarly the quality factor is
®o(Rl R2Sml)Q =
k3 + k4gml + k5 g m l  _j_ k g
Rf Rf
(6.22)
where
k _ Q +C2 
3 Rr
(6.23)
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c +c ck4=C2+ ^ ^ + - p - R 3l
P PRL
r2+r4 1
U+gntfR4 /
k = - ^K5
ëm2
k6=C 3+ - ^ R 3l
Rl
r3+r4 a
l+Sn^R4 7
(6.24)
(6.25)
(6.26)
In these expressions it is rather difficult to get a feel for which variables control 
the response. A more approximate solution than those given above for co0 and Q 
can be obtained by assuming that the frequency response is due to only the 
common emitter first stage. (It is not a bad approximation since the bandwidth 
of the CC is usually quite large ) [6.10]. Then
„ 2
(On § m l
(C,C2+C1C3+C2C3)Rf
and
^êml
(6.27)
(6.28)
By manipulating these two equations to solve for Rf we find that
co0QC2
(6.29)
Thus the feedback resistance to obtain a given bandwidth and quality factor, is 
determined only by the capacitance, C2, the collector base capacitance of the first 
transistor, emphasising the importance of minimising this capacitance.
Another important result that may be obtained from these approximate 
expressions is that Q is largely independent of the resistances in the circuit. Also 
at low currents which are required for a low noise receiver, the emitter-base
Chapter 6 Optical, Electronic and Mechanical Design 139
capacitance of the first transistor is almost constant so Q is fixed. The collector- 
base capacitance of both transistors (C2 and C3) are normally set to a small value 
to achieve a wide bandwidth and are therefore also fixed. Consequently Q can 
only be adjusted by controlling gml, the transconductance of the first transistor.
Using the more accurate expressions for co0 and Q (equations 6.20 and 6.23 
respectively) and eliminating Rf we obtain the value of gml to achieve any 
desired Q at a specified bandwidth co0 by the solution of the following quadratic 
equation:
k4+k2k5c o ? -^ k 2 
V U J
CD,k3+k1k5co0+k2k6co0 gml +k1k6cô  =0 (6.30)
6.3.2 Frequency Response Characteristics of the CC-CE Amplifier
Figure 6.23 shows the small signal model of the CC-CE and figure 6.23 the 
notation used in this analysis. It may be seen that there are three poles and two 
zeroes. The dominant poles occur at the input and output of the common- 
collector. At the input, a pole is formed by the detector capacitance, Cd, and the 
collector-base capacitance. At the output a pole is formed by the miller 
capacitance
C M  =  (i +  im 2  ) R L C 4 +  C 3 (6-31)
of the common-emitter stage.
The frequency response characteristic of the CC-CE was found using the same 
technique for the CE-CC. However the CC-CE is slightly more difficult because 
the third pole (formed by the load resistor RL and capacitor C4 of the common- 
emitter stage) can be low enough to effect the response.
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The terms due to C4 can be neglected from the first time constant, a17 so that
/  —
^  =  R fR 2R 2
Ci gml +
R 2IIR3
cM
R3IIRf R 2II R f
{gmiR2R3+R2+R3 + Rf}
(6.32)
1
The effects of the third pole will be most noticeable in the time constant a2 and 
the terms due to C4 must be included in a2 so that
_ R2R3Rf(CiC2+C 1CM +C 2CM+ c4c 1gmlRL+ c 4c 2r l/r 3+ c 4c 3r l/r 2)
(gmlR2R3 +  R2 +  R3 +  Rf ) (6.33)
For a two pole response the third pole due to C4RL at the output of the common- 
emitter stage must be made insignificant compared to the two dominant poles. 
From the expression for a2 this can be ensured if
^  ^  +  Clgml rC 4R L «  c  A  +  C 1C M +  C2CM (6.34)
This is equivalent to
{ i ; + i r +CiS"'i}C4RL<<CiCM (6.35)
The first two terms in brackets are usually much smaller than Q g^ so that they 
may be neglected, hence
gmiC4R L « C M (6.36)
Substituting for CM this can be shown to be equivalent to
Sml Sm2 (6.37)
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Therefore to ensure that the CC-CE behaves as a two pole amplifier the bias 
current of the CE stage should be chosen much bigger than the CC stage. In this 
work gm2£ 4 g ml.
The zeroes of the CC-CE are
Z1 ~  Sml/C2 (6.38)
Z2 =  ~Sm2/C4 (6.39)
Adding these zeroes to (in accordance with equation A2.13, appendix 2.2) 
results in
C,[gml + 1/R2HR3]+
1̂ ~  R fR 2R 2
R 3IIRf
+ c ^2Sm2^L _ C4gmlRL 1 
R 2 IIRf R f R f
+
{ g m l R 2R 3 +  R 2 +  R 3 +  R f }
(6.40)
The dc gain A0 is obtained from inspection of the small signal model to be
A  — — ^rci2R L R 3 +  § m l R 2 )
0 gmlR2R3 +  R 2 +  R 3 +  R f
Using a17 a2 and A0 the natural frequency and quality factor are calculated as 
follows
COn = __________________ & m 2 R L ( l  § m l R 2 ) R 3 £ m l R 2 R 3 R 2 R 3 R f__________________  AO\
R 2R 3R f(CiC2 + Q C m +  C2C m + C 4C1gmlR L +  C4C2R L/R 3 + C 4C 3R l/R 2)
Q =_  ^ 0  ( C j C 2 C 2C M ^ 4 ^ l S m l R L ^ 4 ^ 2 R l / R 3 ^ 4 ^ 3 R l / R 2 )
Cl S m l R.
1 ] c2+  _ 2 _  +
R 3 > r3
1M_ + ^m2C2R L _  §m lC4RL
(6.43)
R. Rf R,
1
In the work presented here, the quality factor, Q, was adjusted by changing the 
pole at the output of the common-collector stage ie. by changing the miller
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capacitance of the common-emitter. To change the pole at the input the bias 
conditions of the common-collector will have to be changed which is undesirable 
since the bias of this transistor will normally be set to achieve minimum noise. 
The miller capacitance, CM, was changed via the load resistance RL. The value of 
miller capacitance to achieve a specified bandwidth and quality factor can be 
obtained from equations 6.42 and 6.43 by eliminating Rf. In order to do this 
equation 6.42 was approximated as
2 _ §mlSm2̂ Lco0 =
Rf
C A  + QCm + C2CM + CIC4gmlRL + C2C, R
R
k + C4C3̂  
R,
(6.44)
Using this approximation it can be shown that
c  _ E 1E 2(C3 +  C 4 )/g m2- E , - E 1C A
Ei (Cx + C2) + EjE2 / gm2 + 1/R2
where
E _ ®0C2 “ O ®oC4 
S m l  Q S m 2
(6.46)
E2 = g nlC1 + ^ + ^ 3
k 3 k 2
(6.47)
e 3 = Q  (gml+ 1/R3+ 1/R2 ) + —- (6.48)
The value of RL required to achieve this miller capacitance is from equation 6.32
_ cM-c3
C4(l + gm2)
(6.49)
6.3.3 Noise Characteristics
Using the rules outlined in appendix 2.3 the input noise current can be calculated 
for each amplifier configuration. Figure 6.25 and 6.27 show the circuit models
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including transistor noise sources of the CE/CC and CC/CE amplifiers 
respectively. The equivalent noise currents at the inputs are
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CE/CC: S — Sp + Sj + s,+s2 ' 3
(SmlZl) (SmlZl§m2Z2 )
(6.50)
where zx and z2 are shown in figure 6.26
and
CC/CE: S = SF+ S , +  S2 + S} 2 + --------- ---------- _
(gmlCZjllZj)) (gmlgm2(z1Z2/P))
(6.51)
where zx and z2 are shown in figure 6.28 and p is the DC gain of the transistors. 
Here the noise current densities are defined to be:
51 = 2qIB1 (6.52)
52 = 2qIcl (6.53)
53 = 2qIB2 (6.54)
54 = 2qIC2 (6.55)
SF = 4kT/Rp (6.56)
where IB and Ic are the base and collector transistor bias currents. (The "1" and 
"2" subscripts in the current symbols refer to the front-end and second stage 
transistors).
In the CE/CC the output impedance of the first stage is sufficiently high that it 
can be ignored. Therefore CE/CC:
S9 + SoS = SF + S1+ ^ -----2.
&mlZl
(6.57)
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However it must be included for the CC/CE amplifier because the output 
impedance of the common-collector stage is low.
Choosing to ignore the resistive component of the noise sources referred to the 
input results in the following simplified expressions:
CE/CC: S — Sp +  Sj (S2 + S 3)co2(C7tl + C d)2
gml
(6.58)
and
CC/CE: S — Sp +  Sj + (S2 + S 3)cd2 (C„, + C d) 2 , S4co2 (CI1 + Cd ) 2
2 + 2 
c m l  §m 2
(6.59)
where co is the bandwidth of the amplifier.
It can be shown [6.11] that an approximate optimum base current which 
minimises noise is given by
g ml = ®
P(C«+Cd)
3
6.3.4 Comparison of Amplifiers
(6.60)
BFR90 transistors were used for the comparison (data in appendix 2.4). The bias 
conditions of the transistors of each amplifier are given in Table 6.4.
First the accuracy of the frequency response equations was investigated. The 
equations for the CE-CC (6.20 and 6.23) and for the CC-CE (6.43 and 6.44) were 
compared with a circuit simulator "PSPICE" model of each amplifier under the 
conditions of cd0=100MHz and Q = l/V 2. (A hybrid-pi small signal model of the 
transistors was written for the PSPICE rather than the default transistor model of 
the simulator). The agreement of the design equations was within 5% of the
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PSPICE solution for a range of detector capacitances indicating satisfactory 
performance of these equations.
Having verified the accuracy of the frequency response equations a comparison 
between the two amplifiers was then made. The amplifiers were designed to 
have a bandwidth of 100MHz and quality factor of l/V2 over a range of detector 
capacitances of OpF to lOpF. This is typical performance of current LDV systems. 
Figures 6.31 and 6.32 show the feedback resistance and other parameters 
necessary to achieve this bandwidth and quality factor for the CE-CC and CC-CE 
respectively. The noise produced by each amplifier is shown in figure 6.33. It can 
be seen that the CC-CE is quieter by about 30% than the CE-CC over the full 
range of detector capacitances except for capacitances less than about 0.5pF. In 
this range the CE-CC is more noisy.
Sensitivity to detector capacitance was investigated by fixing the design 
parameters (such as feedback resistance) to achieve a 100MHz bandwidth and 
l/-s/2 quality factor at a detector capacitance of 5.0pF. The detector capacitance 
was then varied and the quality factor and 3dB bandwidth calculated. Figures 
6.34 and 6.35 shows the result. The 3dB bandwidth of the CE-CC was almost 
independent of the detector capacitance changing by only ±10% over the full 
range (figure 6.34). Similarly the quality factor also showed only a small change 
(figure 6.35). In contrast both the quality factor (figure 6.34) and 3dB bandwidth 
(figure 6.35) of the CC-CE were very sensitive to detector capacitance with 
changes of ±100%. As regards noise (figure 6.36), the CE-CC noise current 
increased slightly more rapidly with detector capacitance than the CC-CE did.
These results show that if the detector capacitance is known (ie. the frequency 
response can be accurately set) then the CC-CE pre-amplifier should be
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employed because it has lower noise. Conversely if it is unknown then the CE- 
CC should be used since its frequency response is much less sensitive to detector 
capacitance.
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Figure 6.19 Common-emitter front end receiver
is
+ V TC2 -
Figure 6.20 Small signal model of Common-emitter receiver
+ V 3
R 4
Figure 6.21 Notation used in analysis of Common-emitter receiver
RF
MV
Figure 6.22 Common-collector front end receiver.
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Figure 6.23 Small signal model of Common-collector receiver.
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Figure 6.24 Notation used in analysis of Common-collector receiver.
+ V 7T2
Figure 6.25 Small signal model of Common-emitter receiver showing noise
sources of transistors.
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Figure 6.26 Approximate model for noise analysis of Common-emitter receiver.
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Figure 6.27 Small signal model of Common-collector receiver showing noise
sources of transistors.
+ V 2 -
Z 1 = R F 11 C S Z 3 = R E 11 R 7X2 IIC7T2
Z 2 = R7C111 C7T1 Z4 = RC||RF
Figure 6.28 Approximate model for noise analysis of Common-collector receiver.
PARAMETER FRONT TRANSISTOR SECOND TRANSISTOR
BASE CURRENT (see note 1) 0.0625mA
COLLECTOR CURRENT (see note 1) 5mA
DC TRANSISTOR GAIN 80 80
COLLECTOR-BASE 
CAPACITANCE (see note 2)
0.5pF 0.5pF
COLLECTOR-EMITTER 
CAPACITANCE (see note 3)
3.0pF (average value in range 0-1 
mA)
7.46pF
Note 1 For the CE-CC the base current of the first transistor was set according to equation 6.30. For the CC- 
CE the base current was set to achieve the optimum noise performance, equation 6.60.
Note 2 Collector-emitter capacitances were calculated from the BFR90 frequency data according to the 
method of Gray and Meyer [6.12].
Note 3 Assuning a collector-base voltage of 10 Volts.
Table 6.4 Bias conditions of BFR90 transistors (appendix 4) for comparison of
performance.
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Figure 6.30 Design solution of CC-CE amplifier for W0=100MHz, Q=0.7071.
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Figure 6.31 Noise of CC-CE and CE-CC amplifiers for W0=100MHz and Q=0.7071.
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Figure 6.32 Sensitivity to detector capacitance of bandwidth.
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Figure 6.33 Sensitivity to detector capacitance of quality factor.
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Figure 6.34 Sensitivity to detector capacitance of noise current.
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6.4 Mechanical Design
This section is concerned with the mechanical design of the probe. Particular 
attention was placed on obtaining a probe which was simple to construct, robust 
and practical.
A modular design was adopted. The advantages of this approach are:
* Easy replacement of damaged or obsolete components. This is of particular 
importance for the laser diode where rapid developments means that better 
performing lasers are available within a short time.
* It allows trial of a number of different components.
* It allows the probe to be optimally configured for a particular application.
Photographs 6.35, 6.36 and 6.37 show the completed solid-state LDA probe. The 
dimensions of the probe are: diameter=25mm X length=250mm. Standard one 
inch diameter aluminium tube forms the frame of the LDA. All components were 
mounted on aluminium disks to form a sub-assembly. These sub-assemblies 
were held in place inside the tube by M2.5 screw fasteners passing through holes 
in the aluminium tube into the disks. Photograph 6.38 shows the sub-assemblies 
of the LDA. Cut outs milled into the aluminium tube provide access for aligning 
the receiving lens, laser and beam splitter.
The following drawings briefly describe the design.
Figure 6.39 shows the transmitting lens holding disk. The front lens can easily be 
removed and exchanged for a different lens depending on the working distance
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and measurement volume size requirements. Two identical disks were 
constructed one for each of the two types of lens.
Two disks of different diameter formed the receiving lens system (figure 6.40). 
The first disk (1), whose diameter matches the tubes inside diameter, provided a 
base for the other disk (2) which holds the receiving lens (3). Disk (1) was 
fastened to the aluminium tube by two screws set directly opposite each other. 
These screws can slide along two slots in the sides of the aluminium tube. Thus 
the receiving lens can be positioned along the axis of the tube relative to the 
photodiode.
Disk (2) holding the receiving lens was smaller than the tubes inside diameter. 
This disk was fastened to the base disk by three screws passing through oversize 
holes. This allows the receiving lens to be positioned perpendicular to the axis of 
the photodiode.
The APD/pre-amplifier assembly, figure 6.41, consisted of a long rectangular box 
(6), containing the pre-amplifier, fastened at its ends to two disks, (2) and (7), 
which align the box along the centre line of the tube. The front disk (2) contained 
a small hole at its centre through which the photodiode was inserted. The rear 
disk (7) also has a small hole at its centre through which the power supply and 
signal cables for the receiver pass. Space did not permit the use of a printed 
circuit board so that all components were soldered to pins inserted in the walls of 
the box.
Figure 6.42 shows the beam splitter assembly. The beam splitter cube and right 
angled prism were cemented to the flat plate (see appendix 3 for alignment 
details). Photograph 6.43 shows the assembled beam splitter and photograph
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6.44 shows a projection of the interference fringes produced by the beam splitter 
and a 600mm focal length front lens using a X20 microscope objective.
Figure 6.45 shows a drawing of the laser diode/collimating assembly. The 
hollow steel (UNF-1/4") bolt (4) with the head machined back was glued to the 
end of the laser diode (3) which was then fastened to disk (5). A spring washer 
(not shown) was placed between the laser and the base disk. The lasers beam 
direction can then be adjusted by tightening and/or rotating the washer. This 
allows manufacturing tolerances in the construction of the laser and tolerances in 
the assembly of the probe to be counteracted. A thin brass tube (2) was slid over 
the laser diode's cap to hold the collimating lens (1) (details of the alignment 
procedure are given in appendix 3).
Figure 6.38 Photograph of sub-assemblies of LDA.
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Figure 6.39 Transmitting lens assembly.
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Figure 6.40 Receiving lens assembly.
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Figure 6.41 Avalanche photodiode/ pre-amplifier assembly.
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Figure 6.42 Beamsplitter assembly.
Figure 6.43 Photograph of completed beamsplitter assemby.
Figure 6.44 Photograph of interference fringes of LDA.
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Figure 6.45 Laser diode/ collimator assembly.
Chapter 7
Testing and Application of thè
LDV
This chapter is concerned with the testing of the components and optical layout 
of the LDV and with the application of the completed LDV.
Testing of components and layout was done by measuring the flow in a narrow 
channel (Poiseuille flow) of 1mm gap. The flow characteristics of this channel 
were first determined using a conventional TSI LDV system. Fiber optics were 
also evaluated for future systems.
Application of the LDV was to measure flow in a 175pm channel and in a journal 
bearing.
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7.1 Testing of Components And Optical Layout of Laser Probe
7.1.1 Description of Experimental Test Rig
Testing of the laser probes was done on viscous flow occurring between the gap 
formed by two parallel plates. Such a flow is commonly called Poiseuille flow
[7.1]. The laminar flow solution is well known and often published in student 
text books. Some of the important results of this solution are now briefly 
reviewed.
By solving Navier Stoke's equations with the necessary boundary conditions of 
zero velocity at each wall it may be shown [7.2] that the velocity at any point y 
(see figure 7.1) across the flow is
u = _Lf!-(y2 -  b2/4) 
2pdxV }
(7.1)
This is a parabola with a vertex at the centre line between the plates. The 
maximum velocity obviously occurs at this vertex and is
^max dp8|i dx (7.2)
The volume flow rate (Q) is obtained by integrating the velocity over the width 
of the channel
Q = a J udy =u = —ab3
o 12 [L dx
(7.3)
The average velocity is determined from uave =Q/ba to be
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The channel and its flow system was designed and built by Mohd Yunos [7.3]. 
The mechanical details of the channel are shown in figures 7.2, 7.3, and 7.4. The 
working fluid was a mineral oil (ESSO Somentor 33). The channel was formed 
from two plates of steel (620mm X 100mm) joined together by bolts. One of the 
plates had a 1mm deep groove by 30mm wide cut into its surface to form the 
channel. Circular flanges were bolted to the channel at both ends by means of 
steel rectangular blocks with rubber sheet sealing the gap between the flange and 
block. The flanges were bolted to a matching pair welded to settling cylinders at 
either end of the channel. O-ring seals were used between the flanges. The 
purpose of these cylinders was to dampen any pulsations from the pump. Access 
for the laser beam was through windows mounted flush on either side of the 
channel. These were located at a distance of 520mm downstream. At this distance 
fully developed flow is expected which was later confirmed from experimental 
results.
At high flow rates the load on the pump became excessive causing the pump to 
cut out after running for only a short time. The maximum possible continuous 
flow rate was about 351pm. It is doubtful whether any useful results can be 
achieved above this speed because the flow is unlikely to have reached steady - 
state before the pump cuts out.
Pressure gauges are fixed to the top of each settling cylinder and there are 
tapping's for a pressure gauge on either side of the measurement window. A 
thermocouple wire is located next to the measurement window on the high side 
of the stream. However for the experiments discussed here it proved more 
convenient (although less accurate) to measure the temperature with a 
thermometer located in the return oil tank.
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A water cooled heat exchanger was fitted to the return line of the system. This 
provided some control over the oil temperature. Water flow to the cooler was via 
a plastic hose connected to the laboratories tap.
Oil flow rate was measured with a (UCC Model UC-FM-2632111) type flow 
meter. During the course of the experiments this meter broke and was replaced 
with a digital turbine flow meter. This meter is also equipped with an integral 
thermocouple.
Other details of the flow system are given are in table 7.1
7.1.3 Data Processing
During the early stages of testing the signal processing was performed using a 
TSI counter (model 1980B) [7.4] with data transfer via a DT2821-F analogue to 
digital converter board ,[7.5] to an NEC-286 computer where velocity averaging, 
scaling etc was performed. However a Tektronix 2432A digitising oscilloscope
[7.6] was later employed for processing. In this case the Doppler signal was 
captured on the Oscilloscope and transferred via an IEEE interface board to the 
computer. Here a Fast Fourier Transform (FFT) was taken and the Doppler 
frequency was determined from the position of the peak. An ASYST computer 
software [7.7] was used for controlling the Oscilloscope and for communicating 
with the Counter as well as for performing the mathematical calculations such as 
FFT. The principle disadvantage of using the oscilloscope and the ASYST 
software was the slow processing speed compared to the counter.
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7.1.4 Characterisation of flow with a TSI System [7.8]
Characterisation of the flow in the channel was performed with a standard TSI 
modular system configured to have a small measurement volume (figure 7.5). 
Starting at the laser end and working forward the setup is described as follows.
The beam from the He-Ne laser (1.1mm diameter, 15mW power output) was 
passed through a polarisation rotator. The purpose of this component was to 
adjust the polarisation vector of the laser prior to entering the beam splitter 
which is polarisation sensitive. In this way equal intensity beams were obtained 
from the beam splitter. After the polariser the beam was expanded by a factor of 
2.27 by a telescopic lens arrangement. This expansion reduces the measurement 
volume dimensions by 44%. However the number of fringes is also reduced by 
the same amount resulting in a wider signal bandwidth.
From the expander the beam enters the beam splitter where it is split into two 
parallel beams spaced at 25mm from the centre line. The power output of the 
beams was monitored using a Photodiode power meter [7.9] whilst the polariser 
was adjusted to achieve equal power in the two beams. The receiver unit has a 
Photomultiplier mounted on top in a backscatter arrangement.
In front of the receiving unit instead of the usual single lens, three lens were fixed 
to achieve a shorter focal length and hence smaller measurement volume. The 
first two lens were standard items from TSI with focal lengths of 250mm and 
120mm. The last lens had a focal length of 100mm. The combined focal length of 
the three lens was estimated by repeated application of the following formulae
[7.10] which describes the combined focal length (f ) and working distance (wd) 
of two lens with focal lengths f { and f 2 separated by a distance d.
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f —
fi + f 2 -d (7.5)
(7.6)
These formulae were derived by assuming small lens angles. In this calculation it 
was assumed that the distance between the centres of each lens was 10mm. Then 
the approximate focal length is 51mm and the working distance 39mm.
With the beam size, beam spacing and transmitting focal length specified the 
measurement volume dimensions were then be obtained from equations 2.22 and 
2.24 to be 16pm X 34pm. The number of fringes from equation 2.25 was 25 
corresponding to an instrument signal bandwidth of 11%.
The base plate of the laser system was fastened at its centre to a small lathe base 
which in turn was fastened to a large aluminium extruded channel. One of the 
ends of the laser system base was placed on a jack which provided support for 
the base but still allowed it to slide over its surface. With the lathe base accurate 
translation in two directions in the horizontal plane was possible. The location of 
the laser base relative to the oil channel was measured with a micrometer held in 
place with a magnetic holder.
Data processing was with a TSI 1980B counter. Velocity samples were collected 
over a one minute period. Close to the wall the data rate was low. Here two or 
three runs of the software were taken and the velocity obtained from the average 
of these runs. The flow profiles across the channel at 9.5 and 30 1pm (Re=960 and 
Re=3030 respectively) are shown in figure 7.6 and 7.7. These results have been 
presented at the 10th Australiasian Biannual Fluids and Hydrodynamics 
conference in Melbourne [7.11 ].
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At 10 1pm with the oil temperature maintained between 20-30 °C the flow is 
laminar. In this region the flow is completely described by equation 7.1. At 
higher flow rates the flow enters the transitional regime. In this region the flow 
has been described by Tieu and Kosasih [7.12].
With the flow fully characterised with the TSI system, the optical layout of the 
LDV could now be tested and comparisons between the two systems made.
7.1.5 Testing of Fiber Optics for Solid-State LDV
Fiber optics are widely used in commercial LDV systems [7.13]. Hence they were 
investigated for the LDV system of this thesis.
The principle reason for the widespread use of fiber optics in LDV systems is that 
they allow extremely small probes to be constructed. Available commercial 
systems typically have diameters of only 12mm and lengths of 100mm [7.14]. 
One of the requirements of the LDV system designed here is miniature size of the 
probe. As well as allowing for a miniature LDV, fiber optics are immune from 
electrical noise (Electrical noise from nearby transducers is likely to be a serious 
problem in laboratory equipment). With fiber optics sensitive components such 
as the photodiode and preamplifier can be mounted a long way from any noise 
sources in a metal shielded container. Laser Diodes can easily be damaged by 
electrical transients and therefore it would also be very convenient to mount 
them away from the noise source.
Vibration and other external conditions such as temperature and pressure can 
introduce noise into fiber optic systems [7.15], [7.16]. Some systems are more 
immune from these effects than others. The two transmitting fiber optic probe 
(figure 7.8a) is relatively worse than a single transmitting fiber optic system
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(figure 7.8b). Whether or not vibration would be a serious problem in the 
application of fiber optic LDVs to measurements in hydrodynamic bearings is 
not known. Vibration measurements would need to performed on an operational 
bearing and the frequency of vibration measured to see if it is in the range of the 
measured Doppler frequency.
Single-mode, polarisation-preserving fiber [7.17] was employed to investigate the 
possibility of coupling the laser to the optics. This type of fiber is necessary to 
obtain good quality Doppler fringes although some fiber LDV systems have 
successfully used multi-mode fiber optics by careful coupling to ensure that a 
single mode dominates [7.18] or by just accepting poorer quality fringes [7.19]. 
Figure 7.9 shows the layout of the test system. As shown the same TSI optics 
were employed as in section 7.4 but the laser was now connected to the optics via 
the optical fiber. A GRIN lens (Selfoc SLN-2.0-0.25-0.63) [7.20] collimated the 
output of the laser from the fiber. Figure 7.10 shows a velocity profile measured 
across the channel. Note that in these experiments more data points were 
collected compared to previously with the standard TSI system.
One noticeable outcome from these experiments was of the difficulty and 
inconvenience of working with single-mode fiber optics. To achieve efficient 
coupling of single mode fibers, tolerances in alignment at the micro-meter level 
are required. This coupling is very sensitive to external factors such as 
mechanical stress, vibration and temperature. The coupling efficiency obtained in 
the experiments performed here was typically only 30%-40%. However higher 
efficiencies of about 50-60% can be attained with more expensive commercially 
available couplers.
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Specially designed packages with the laser and single mode fiber permanently 
aligned have recently become available [7.21]. These are almost immune from the 
external factors described above. Typical efficiencies are of the order of 40%.
In addition to the inconvenience of coupling, optical fibers are difficult to work 
with. Their ends must be cut and polished and unless they are mounted in 
protective cables the fiber is easily broken or damaged.
For the fiber link from the probe to the photodetector, no requirements are 
necessary for the transverse mode state or the polarisation state and multi-mode 
fiber can be used. Aligning with multimode fiber is considerably easier than with 
single mode fiber. There is still a coupling loss, typically 20%, which reduces the 
sensitivity of the receiving system. Original experiments were conducted with 
Graded Index multi-mode fiber (core diameter 50|im) [7.22]. It proved impossible 
to obtain any Doppler signals in flow with this fiber probably due to the small 
size of its core. Later successful measurements in flow were obtained using a 
step-index fiber with core size of 200fim [7.23].
After carefully considering the above points it was decided to mount the laser 
diode and avalanche photodiode directly in the probe. In this way the coupling 
losses are avoided and the probe is much easier to operate. On the negative side, 
problems due to greater sensitivity to electrical noise can be expected.
7.1.6 Testing of Avalanche Photodiode for Solid-State LDV
Following these experiments the performance of the Avalanche Photodiode 
(APD) was also checked. The photomultiplier was removed from its mount and 
replaced with the APD and with the pre-amplifier circuit of figure 7.11 [7.24]. 
(The pre-amplifier circuit designed in chapter 6 was not ready in time). No pin
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hole was fitted. For these measurements only the filters and amplifier of the 
counter were used. The signal was processed using the Digital Oscilloscope. A 
profile across the channel was obtained at 5 1pm (figure 7.12). The data rate of the 
signals was similar to that of the photomultiplier. The closest wall measurement 
possible was at 0.1mm which is the same as with the photomultiplier. These 
results firstly demonstrated that the APD could in fact compete with the 
photomultiplier, at least for measurements in the oil channel. Secondly they 
demonstrated that reasonable results close to the wall were possible without a 
pinhole.
7.1.7 Testing of the Layout of the Solid-State LDV [7.25]
Before mechanically designing the probe the optical layout was tested. For 
testing a lOmW visible laser diode, TOLD9215(S), was employed because the 
20mW TOLD9140(S) was not available at that time.
The optical components were aligned and mounted on an aluminium base. For 
these experiments the 21mm focal length achromat was used. The receiving lens 
was mounted on a micro-positioner next to the base. This allowed its position 
relative to the photodiode to be accurately adjusted. At this time the pre­
amplifier circuit was ready for testing. The signal from the pre-amplifier was 
passed through the filters of the TSI counter and into its low noise amplifier. The 
gain of this amplifier was set on ten. The photodetector output from the amplifier 
of the counter was connected directly to the digital oscilloscope. Once again a 
micrometer was used to measure the relative distance between the laser system 
and the channel. At this time the laser driver circuit had not been developed. 
Instead the laser diode was run off a simple adjustable constant dc current source 
powered by four D size batteries. The laser current was adjusted until the
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intensity of the beam at the measurement volume as measured by a photodiode 
power meter [7.26] to approximately 2-3mW.
The measurement volume was adjusted into the centre of the channel and the 
pump was switched on. A bias of 117V was applied to the APD. At this bias 
point the APD had a multiplication factor of approximately 100 (from appendix 
4). After careful adjustment of the micropositioner, with receiver lens on its rod, 
Doppler signals were picked up. The data rate of the signals was similar to that 
of the TSI system. Doppler signals were still detected at a bias voltage of between 
110V to 115V (multiplication factor approximately 10 to 30). Below this voltage 
the number of signals detected rapidly dropped off.
A typical time domain signal from the flow is shown in figure 7.13 and the 
corresponding FFT of this signal in figure 7.14. The number of fringes in these 
signals was always less than or equal to 17 indicating a fringe number of about 
17. To produce 17 fringes the beam diameter must be 0.75mm. Using this beam 
diameter the calculated measurement volume dimension along the optical axis of 
the LDV is lOOfim.
A profile was measured across the channel at 5 1pm (figure 7.15). At each point 
100 signals were collected. An FFT was performed on each signal and they were 
added to form a frequency record. Some of the frequency records at selected 
points across the channel are given in figures 7.16, 7.17 and 7.17. Point A (figure 
7.16) is close to the centre. As the wall is approached the range of velocities 
measured increases as the velocity profile becomes steeper. The frequency 
spectrum widens and it becomes much harder to separate the pedestal 
component from the signal. This can be seen by the larger pedestal peak
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observed at point B (figure 7.17). The closest approach to the wall possible was 
0.1mm (frequency domain signal shown in figure 7.18).
Figure 7.1 Viscous flow between two parallel plates (Poisuille flow).
H YD RA U L I C
PUMP
Figure 7.2 Hydraulic circuit for oil channel (see table 7.1 for 
specifications of components).
Pump
Manufacturer: Commercial 
Type: gear pump 
Model No.: P50A-11718
Electric Power Source For Pump 
Manufacturer: Toshiba 
Type: 3-phase induction motor-type IK 
(415Volts/50Hz)
Power: 4kW 
Speed: 1420rpm
Filter
Manufacturer: Parker
Type: Single element, 40 micron wire mesh
Model No.: IL2-1-40W-MP-25-YCYC
Pressure Relief Valve
Manufacturer: Parker
Model No.: DUD-B-21-2-R15-K
Pressure range: up to 350 bar
Table 7.1 Specifications of components of flow system.
Figure 7.3 Diagram of oil channel for testing of LDA systems.
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Figure 7.5 Schematic of TSI Modular system for application to channel flow (TSI model numbers are given in brackets).
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Figure 7.6 Velocity profile obtained with TSI system at a flow rate of
9.51pm .
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Figure 7.7 Velocity profile obtained with TSI system at a flow rate of
301pm .
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Figure 7.8(a) Single transmitting cable fiber optic LDA.
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Figure 7.8(b) Double transmitting cable fiber optic LDA.
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Figure 7.9 Schematic of fiber optic transmitter/ TSI Modular system
Figure 7.10 Velocity profile using fiber optic transmitting cable
(flow rate = 101pm)
V APD + 15 V
Figure 7.11 Preamplifier circuit from Binh [7.23].
N O R M A L I S E D  D I S TA N CE
Figure 7.12 Velocity profile obtained with an Avalanche Photodiode (flow
rate =51pm).
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;ure 7.13 Doppler signal from a point near the center of the channel
(flow rate=51pm).
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Figure 7.14 FFT of the above Doppler signal.
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Figure 7.15 Velocity profile across channel using laser diode/ avalanche 
photodiode and optical design of chapter 6 (flow rate=51pm).
Figure 7.16 Frequency spectrum at point (A) in figure 7.15.
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Figure 7.17 Frequency spectrum at point (B) in figure 7.15.
Figure 7.18 Frequency spectrum at point (C) in figure 7.15.
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7.2 Application of Laser Probe
7.2.1 Application of Completed LDV to Flow in 175pm Channel 
flow [7.27]
With the components and layout of the LDV fully tested the probe described in 
chapter 7 was constructed. Since real bearings typically have gap sizes in the 
order of 100pm rather than the 1mm channel used for testing, it was decided to 
apply the probe to a smaller gap channel. For convenience, water was used as the 
working fluid.
For this application two front lens were fitted to the probe in order to reduce the 
measurement volume (figure 7.19). The first lens was a 21mm focal length 
achromat, followed by a 12mm focal length aspheric lens. The combined focal 
length of the lens combination was measured to be approximately 11mm and this 
produced a measurement volume length of 28pm.
First tests were performed on a channel made from plastic. This channel 
consisted of two 1.5mm thick sheets of polycarbonate plastic with a layer of 
250pm brass placed between them. Water flow to the channel was gravity fed 
from a main reservoir (figure 7.20). A second smaller reservoir was mounted 
below the main reservoir and before the channel. The water level of this reservoir 
was kept constant with a drain pipe. Similarly the water level of a drain reservoir 
fitted after the channel was also kept constant. In this way the pressure 
differential across the channel could be maintained constant and therefore a 
constant flow rate was obtained.
Despite these precautions the flow through the channel was not constant. Over a 
period of two hours the flow-rate gradually decreased. Figure 7.22 shows a plot
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of the centre line velocity versus time of the channel flow as measured with the 
LDV.
The non-constant flow was found out to be due to water absorption of the plastic 
causing the walls of the channel to warp narrowing the channel [7.28]. The 
channel was then reconstructed using 1mm glass microscope slides and with 
130pm brass shim glued between the slides (the actual channel gap was later 
measured to be 175pm). With this setup constant flow was obtained.
With the 175pm channel it was necessary to further reduce the measurement 
volume length (optical setup shown in figure 7.21). This was done by rotating the 
laser diode by 90 degrees so that the larger 3.3mm beam diameter was in the 
plane of measurement. The 21mm focal length achromat was also replaced with 
another 12mm focal length aspheric lens. With these changes the measurement 
volume length was estimated to be less than 10pm. Although with a beam 
diameter of 3.3mm there should only have been about four Doppler fringes in the 
measurement volume, in reality the number of fringes was about double this 
indicating that the effective beam diameter was only about 1.7mm.
Figure 7.22 shows the velocity profile measured across the channel. The closest 
distance to the wall possible was about 18pm. Beyond this it becomes difficult to 
remove the Doppler signal with filters.
7.2.5 Application to Journal Bearing [7.29], [7.30]
A further application of the LDV was to a journal bearing [7.29]. The schematic 
diagram of the journal bearing test rig is shown in figure 7.24. The photograph of 
the test facility is shown in figure 7.25. The bearing housing dimensions are 90 X 
90 X 140mm. The middle section of the bearing housing is made from transparent
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perspex to allow the laser light to enter. This transparent section is 35mm long. 
The main shaft section is 70mm dia. X 70 mm long, ie. L/D = 1 and the radial 
clearance between the shaft and bearing is 0.7mm. To create typical bearing 
conditions, a second plastic section is manufactured with the hole offset by 
0.21mm giving an eccentricity ratio of 0.3. This section can be rotated at 90 deg 
increments, thus allowing the measurement point to be positioned at the 
maximum film thickness of 0.91mm and at the minimum film thickness of 
0.49mm. The shaft is driven by a speed controlled motor with a speed range 
between 1000-5000 rpm. Two thermocouples are placed at the inlet and outlet of 
the oil line, thus allowing measurement of fluid velocity based on the average 
temperature. Water and mineral oil (ESSO Somentor 33) were used as the 
working fluids. Figures 7.26 (a) and (b) show some experimental circumferential 
velocity profiles obtained in the journal bearing. These figures show excellent 
agreement with the theoretical analysis of Tieu andKosasih [7.31].
Figure 7.19 Optical Layout of solid state LDV probe for measurements in 250 micro-meter plastic channel.
M I C R O- M E T E R
C H A N N E L
Figure 7.20 Layout of flow system for measurements in micro-channel.
Figure 7.21 Optical Layout of solid state LDV probe for measurements in 175 micro-meter glass channel.
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Figure 7.22 Time series of centre-line velocity reading in 250pm
plastic channel.
Figure 7.23 Velocity profile across 175pm channel.
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Figure 7.24 The journal bearing test rig.
Figure 7.25 Photograph of journal bearing test rig [7.29].
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Figure 7.26 Velocity profiles in journal bearing (Tieu and Kosasih [7.30]).
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7.3 Seeding Particles
Particle seeding in LDV is crucial to the success or failure of LDV 
measurements. Without any particles in the flow field under study no 
significant scattered light will occur and measurements will fail. During 
testing it was found that the signals from both the TSI and the solid-state LDV 
had very poor visibility. The purpose of this section is to investigate seeding 
particles for use with the solid-state LDV system developed in this thesis.
Previous studies have concentrated on determining the size of particles from 
the visibility of the scattered light [7.32], [7.33], [7.34]. This thesis is concerned 
with velocity measurements. For velocity measurements using an LDV the 
visibility of the Doppler signal (chapter 2.6) as well as the magnitude of the 
scattered power is of importance since together they determine the signal 
strength. The work in this section is concerned with calculating the signal 
strength. The objective of this study is to provide suitable particles for seeding 
the water and oil to allow better LDV measurements.
The method used here to determine the visibility and scattered power of the 
signal is as follows. The scattered light from a particle illuminated by a single 
beam was calculated using Mie theory (with the Lentz algorithm [7.35]) 
-Appendix 1.2. The light scattered from two illuminating beams was then 
obtained by vector addition in a similar procedure to that given by Hong & 
Jones [7.36] - Appendix 1.3.
Figure 7.27 shows the notation of the LDV system. Table 7.2, 7.3 and 7.4 shows 
the optical properties of the particles studied in this thesis which represent 
typical absorbing, semi-absorbing and non-absorbing particles (Note that in
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general the previously mentioned studies on particle sizing have only 
considered non-absorbing or weakly absorbing particles).
In these tables R is the reflectivity of the particle [7.37] where 
p _ no(l + K2) + l - 2 n 0
no(l + K2) + l + 2n0 ' ‘ '
The non-absorbing particles, plastic and SiC, are common seeding particles for 
LDV [7.38]. Soil (weakly absorbing) is the name given to the particles which 
occur naturally in the atmosphere. The results for soil particles are 
particularly important since naturally occurring particles in water probably 
consist of these particles or similar particles.
In the following results the beam crossing angle is y = 10° , the receiving 
aperture 0 = 10° and the wavelength is 589.3nm (except where noted).
7.3.1 Visibility Characteristics of Scattering Particles
First the visibility characteristics of each particle were investigated. Figures 
7.28 to 7.33 shows the results of visibility versus particle size for absorbing 
particles in order of increasing reflectivity. The size range of 0-10pm is typical 
of that used in LDV. The curves are generally well behaved and predictable 
except for some small oscillations which occur at small particle sizes. These 
oscillations are very small for particles which have low reflectivity such as 
carbon (figure 7.28) and tungsten (figure 7.29) but increase in size as the 
reflectivity increases. Silver (figure 7.32) and Sodium (figure 7.33) with very 
high reflectivity show quite large oscillations. These oscillations are probably 
due to the phenomena of surface waves [7.39].
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In general it was found that the visibility curves for absorbing particles closely 
follow the approximate solution given in chapter 2.6 except for very large 
particle diameters. Figure 7.34 shows the Mie solution for aluminium 
particles compared with the approximate solution.
Figure 7.35 and 7.36 shows the visibility characteristics of plastic and soil 
which represent non-absorbing and weakly absorbing particles respectively. 
The curves show random oscillations and are unpredictable. Visibility is 
extremely sensitive to particle size with these particles. This behaviour has 
been observed by a number of researchers [7.40], [7.41]. In addition the 
visibility drops off more rapidly than for absorbing particles. The extreme 
sensitivity of these particles is caused by the fact that some of the light rays 
incident on the particle enters the particle so that the reflected light consists of 
the reflection from the outside surface of the particle plus multiple reflections 
from the inside rear surface of the particle. These reflections interfere with 
each other in a complex way.
7.3.2 Average Power Scattered from Particle
The scattered power collected by the receiver for an intensity in the 
measurement volume of lMW/m2 is shown in figure 7.37 to 7.40.
For absorbing particles the scattered power increases with the reflectivity of 
the particle (figure 7.37). The scattered power for absorbing particles closely 
follows the approximate solution of chapter 2.6 for all particle diameters 
except very small particles (figure 7.41).
For non-absorbing particles, plastic (figure 7.38) and Si-C (figure 7.39), the 
scattered power is larger than for absorbing particles even those with high
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reflectivity's such as aluminium. The scattered power from weakly absorbing 
particles, soil (figure 7.40), is low compared to the absorbing and non­
absorbing particles.
Figure 7.42 shows the scattered power from a particle as a function of its 
absorption as specified by its complex refractive index. The scattered power 
remains constant for very low complex refractive indices < 10“4 and for high 
indices >10. However in the range 10~2 to 1 there is a dip in the curve and 
scattered power is very low.
7.3.3 Signal Strength
The performance of different types of particles for LDV application must be 
done according to the signal strength or amplitude which is defined to be the 
product of scattered power and visibility. Figure 7.43, 7.44 and 7.45 shows the 
performance of aluminium particles (absorbing) against that of plastic and SiC 
(non-absorbing) and soil (weakly-absorbing). In all cases the performance of 
the aluminium is better. These results high-light the poor performance of soil 
as a scattering particle relative to SiC, plastic and aluminium.
7.3.4 Suitable Scattering Particles for the LDV
As already mentioned it is reasonable to assume that soil particles or similar 
particles probably make up the majority of particles found in the water and 
oil. Since it has been shown that these particles produce a weak signal they 
should be filtered out and replaced with absorbing or non-absorbing particles 
because these type of particles produce strong signals. The absorbing particle is 
preferred against the non-absorbing particle because it has an easily calculated 
approximate solution and thus is easier to apply.
\ /
\ / 
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P HOT ODE T EC T OR
Figure 7.27 Coordinate notation of LDA system for scattering (circles with dots
indicate axis out of page).
MATERIAL Re(n) Im(n) R
Sodium 0.044 2.42 0.97
Silver 0.20 3.44 0.94
Aluminium 1.44 5.23 0.83
Gold 0.47 2.83 0.82
Tungsten 3.46 3.25 0.54
Iron 1.51 1.63 0.33
Carbon 1.7 0.675 _
Table 7.2 Optical constants of absorbing particles studied in this thesis (all 
constants were obtained from reference [7.42] except for carbon which was from 
reference [7.43]; wavelength is 589.3nm except for carbon which is at 488nm).
MATERIAL Re(n) Im(n) R
Soil in Atmosphere 1.525 0.005 _
Table 7.3 Optical constants of a weakly absorbing material (from [7.44]).
MATERIAL Re(n) Im(n) R
Plastic 1.50 0.00
SiC 2.65 0.00 _
Table 7.4 Optical constants of non-absorbing particles (from TSI [7.45]).
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Figure 7.28 Visibility Characteristics of Carbon (X=488nm).
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Figure 7.29 Visibility Characteristics of Tungsten.
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Figure 7.30 Visibility Characteristics of Iron.
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Figure 7.31 Visibility Characteristics of Gold.
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Figure 7.32 Visibility Characteristics of Silver.
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Figure 7.33 Visibility Characteristics of Sodium.
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Figure 7.34 Comparison of approximate solution for visibility (solid 
curve) with Mie solution (gamma=20°): (a) 0-10pm ; (b) 0-20|im.
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Figure 7.37 Scattered power for absorbing particles.
Figure 7.38 Scattered power for SiC with Aluminium for reference.
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Figure 7.39 Scattered power for Plastic.
Figure 7.40 Scattered power for Soil.
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Figure 7.41 Comparison of approximate solution for scattered 
power (gamma=20°)with Mie solution: (a) 0-10|im ; (b) 0-20|im.
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Figure 7.42 Effect of absorption on scattered power.
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Figure 7.43 Signal strength (power X visibility) of Plastic.
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Figure 7.44 Signal strength (power X visibility) of SiC.
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Figure 7.45 Signal strength (power X visibility) of Soil.
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A solid state LDA was developed using a laser diode operating in the visible 
wavelength region. The advantages of using a visible wavelength laser diode are 
that it is easier to align the LDA, easier to construct the LDA and a smaller 
measurement volume is more easily achieved. An extensive literature review 
allowed for easy design of the LDA. The design was kept simple and a modular 
approach was used which allows easy upgade of components. Optical 
components and design of the LDA were especially chosen so that it would be 
suitable for application to hydrodynamic bearings. In fact a measurement 
volume resolution of 20|im was achieved. Satisfactory performance of the LDA 
was proved by measuring Poisuille flow in a gap size of 175|im .
Optical instability of the laser diode limit the LDA to turbulent flow 
measurements of intensity greater than 1%. This instability can be corrected (if 
necessary) by controlling the temperature of the laser diode/ collimator assembly 
as recommended by Durst (chapter 3.5).
It is recommended that future systems employ frequency shifting. This will allow 
flow reversal to be detected and more importantly (for bearing application) 
provide improved measurements in turbulent flow and close to walls. Future 
systems may also expand the design to two components.
Scattering particles for use with the LDA were investigated on an optical 
performance basis. It was found that naturally occuring particles are likely to be 
poor scatter's of light compared to commercially available particles intended for 
application to LDA. The majority of commercial scattering particles for LDA are 
of the non-absorbing type such as plastic particles. Although these scatter light 
well the visibility of the Doppler signal is unpredictable with these types of
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particles. Metal particles were found to scatter light satisfactorarly and have the 
advantage of predictable doppler signal visibility.
Two types of simple preamplifiers were investigated for the LDA: the common- 
emitter common-collector (CE-CC) and the common-collector common emitter 
(CC-CE). Usefull design equations were derived and the performance of the 
amplifiers was compared. It was found that the CE-CC is more noisy than the 
CC-CE. However the frequency response of the CE-CC is substantially less 
sensitive to detector capacitance than the CC-CE. It is recommended that the 
comparison be extended to other preamplifiers such as a cascode front end and a 
common-base front end.
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A l.l Mie Scattering
Mie theory is the solution of Maxwells equations [Al.l] for the electromagnetic 
field which occurs when a plane wave interacts with a spherical particle. The 
derivation of the Mie solution is lengthy and will not be given here. Solutions can 
be found in the text books by Kerker [A1.2] and Born &Wolf [A1.3] with the latter 
providing a more mathematical explanation of the derivation. Figure A l.l shows 
the spherical particle and the incident wave with the coordinate notation of the 
solution (In the figure only the electric field is shown). The parameters describing 
the fields are:
m2 the refractive index of medium 2 (outside the sphere)
mx the refractive index of medium 1 (inside the sphere)
X0 the wavelength of the incident light in a vacuum
a the radius of the sphere
In this work, the refractive index of the particle may be complex, as for example 
for metals and semi-conductors such as carbon or it may be real for plastic glass 
etc. The refractive index of the surrounding medium is assumed to be real.
The incident wave may be represented as
Emc = E0exp-i{k-r + cot} (Al.l)
Only the scattered light external to the particle is of interest. In the far field, the 
radial components of the scattered field become negligible and the field becomes 
a transverse wave. The solution of the scattered light, in spherical coordinates in 
the far field is:
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c  _ H 9 „ iexp(-i2jrm2r/X0) 0
^  ~ ~ 0 n 1̂ m2 27im2r/A0 (A1.2)
„ iexp(-i27tm2r/X0) o 
9 m2 0 2nm2r/X 0 2 (A1.3)
where Si and S2 are given by:
S1 = E  n(n + + bD-cn(cose)}(-l)"+1 (A1.4)
S2 = X  n(n + 1){a«xn(cos0) + bn7t,,(cos0)}(-l) (A1.5)
The functions ;tn(cos0) and xn(cos0) depend only the angle 0 and they define 
the angular properties of the scattered light. These functions are defined in terms
of the Legendre function of the first kind P(n1} as
( G\ PnH0080) 7rn(cos0)= n ; '
sin0 (A1.6)
and Tn(cos0) = —  P^cos©) 
d0
(Al.7)
The functions an and bn are complicated functions of the particle radius (a), the 
wavelength of the incident light (X), and the refractive index of the particle (mj) 
and of the surrounding medium ( m2 ). They are defined as:
a _ ¥„ (« )¥ , (P )-m yn(p)v;(a) 
" Cn(«)Vn (P)-mV»(P)C'n(a)
b ¥n(a)y^(P)-m<|/„(p)v|/;(a)
° Cn (°0 v /  (P)-  m V „ (P)C: (a )
(Al.8)
(A1.9)
Where a  =  2ran2a/X0 , p =  2jtm>a/X0
C„(z) = ¥n (z) + iX ,(z)
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and %n(z) and \|/n(z) are the Ricatti-Bessel functions
¥ n ( z )  =  z - j n ( z ) (Al.10)
%„(z) = -z.yn(z) (Al.11)
In the above expressions j n(z) and yn(z) are the spherical Bessel functions 
[A1.4]. These are related the more familiar cylindrical Bessel functions, J(n+1/2)(z)
^  Y(»+V2)(z) by :
A1.2 Numerical Solution for Mie Scattering
Due to the complicated expressions for Sj and S2 a computing program must be 
employed. This section describes the numerical procedures involved for 
calculating Si and S2 . The program compared well with the published results of 
Grehan and Gouesbet [A1.5] who calculated the Mie-scattering functions using 
the Lentz algorithm [A1.6].
The angular functions 7Cn(cos0) and Tn(cos0) are easily obtained from the 
following forward recursive relations
j n(z) = W2z)I/2J(n+1/2)(z) (Al.12)
and
yn(z) = (jt/2z)Y(n+1/2)(z) (Al.13)
7Cn (COS0)= cos0[(2n -  l)/(n - 1)]^^ (cos0) -[n/(n -  l)]7i n_2 (cos0) (Al.14)
7z'n (cos0)= (2n -  l)7i n _ i  (cos0)+ n'n_2 (cos0) (Al.15)
The initial conditions for these relations are:
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rco(cos0)=O 7có(cos0)=O
TUECOS©) = 1 7li(cos0) = l (A1.16)
7t2(cos0)=3cos0 7Ü2(cOS0) = 3
The functions an and bn are difficult to calculate. The following procedure was
used. Firstly an and bn are written as follows by dividing the numerator and 
denominator by \j/n(p).
For absorbing particles P is complex whereas for non-absorbing particles it is 
real. Since the surrounding medium has been assumed to be non-absorbing, a  is 
real.
The Ricatti-Bessel functions containing the real argument a were calculated as 
follows. These functions satisfy the same recursion relation [A1.7]
_ V„(«)v'n(P)/¥,(P)-m\|/'„(a)
Cn (tt) VÓ (P)/Vn (P) -  mC n (a )
(Al. 17)
_ m¥.(a)y»(P)/¥n(P)-y:,(oO
m C.(a)v;(P)/vB(P)-Ç'„(a) (Al.18)
f„(z): JCn(4Vn(z)
(Al.19)
and for their derivatives
(A1.20)
%n(z) can easily be obtained directly by forward recursion with the initial 
conditions [A1.8]:
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X0(z) = cos(z) (A1.21)
XL(z) = sin(z) + cos(z)/z (A1.22)
\jin(z) is unstable by forward recursion and a backward recursion technique must 
be used [A1.9]. The backward recursion method calculates j n(z). Then \j/n(z) is 
obtained by multiplying by z. Firstly, at same starting value n, larger than the 
desired value, the function j n(z) is set equal to one and j n+1(z) is set equal to zero. 
Then equation A1.19 (which j n(z) also satisfies) is used to calculate the 
proceeding j n(z) .
The j0(z) value obtained by this method is compared with the exact solution 
(sinx/x) and a proportionality factor is defined as
jn(z)
P = - r ^ 7 -  (A1.23)sinx/x
The values of j n(z) calculated by the backward recursion are then multiplied by 
this proportionality factor to obtain their correct values. The number of zeroes 
behind the decimal point of the proportionality factor defines the accuracy of the 
solution. If more accuracy is required then the procedure is repeated with a 
higher starting value.
Only the ratio \|/'n(p)/\|/n(p) contains p which may or may not be complex. The 
following method for calculating \j/' (P)/\pn(p) was used which was first devised 
by Lentz in 1976 [A1.10].
Vn(P)/Vn(P) can be written as 
¥'„(z) _ jn(z) _ n [ J„-]/2(z)
¥„(Z) jn(Z) Z ^d+1/2 (Z)
(Al.24)
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Lentz showed that Jv_i (z)/Jv(z) may be written as the following continued 
fraction
Jy-i(z)
Jv(z)
=  a l +
1
1
a3 +
(Al .25)
where ak = ( - l)D+12(v + n -  l)z
Using the notation 
[apa2,...,ak] — at H p
a2 +
a3 +
a k
(A1.26)
Lentz further showed that
Jy-1 (z) _ [a! I a2 ’ ai ]..... [at-i. - .  a, ][ak......a, ]
J v  ( Z )  [ a 2 a 3T a 2 ] .........[ a k - l  ’ ' ’ ■ * a 2 ][^ k  ’ • • • ’  a 2 ]
(A1.27)
Comparing this to equation A1.25 it can be seen that the order of the terms has 
been reversed so that evaluation begins with ^ rather than an unknown value 
ak. Each numerator and denominator is generated from the preceding one by 
taking the reciprocal and adding the next ak. As the number of terms in the 
partial convergent representation of J^ /Jv  increases, the accuracy increases. 
Using equation A1.27, was evaluated and hence from equation A1.24
\|/'n/\j/n was obtained. This completes the description of the program.
A1.3 Scattered Light from a Particle in an LDV System
To predict the scattered light for an LDV system the Mie solution must be 
calculated for each of the two illuminating beams and added vectorially. These 
were calculated as follows in a procedure similar to that given by Hong & Jones 
[Al.ll].
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Figure 7.27 shows the geometry of the LDV system, y is the cross-beam angle of 
the beams and 0a is the collection angle of the receiving lens. The coordinate 
system (x,y,z) is located at the centre of the moving particle and the (X 0,Y0,Z0) 
system is stationary. The particle is assumed to move along the Y0 axis of the 
stationary system such that its position is specified by the coordinate Y . The two
incident waves are given by
= É„ expjik(1) • f } (Al .28)
É'n2> = E0 exp{ik(2) • f } (A1.29)
In the (x,y,z) coordinate system these are
ÉjJc =  É0exp{ikY sin y}exp{ik(z cosy + y sin y)} (Al.30)
= E0 exp{-ikYsin y}exp{ik(z cosy -  y siny)} (A1.31)
where k = 2 n/X and the waves are polarised with their vector (E0) parallel to the 
x-axis. Mie theory gives and E^ in spherical coordinates (i-pOp^) for E[2 
and E ^  and E ^  in (r2,02,(|)2) for E^J. These are related to Ex,Ey,Ez in Cartesian 
coordinates (x,y,z) by the matrix equation.
X' Efll 1̂32
Ey = [TU)] E*1 + [t <2)] <̂(»2
X. _ 0 _ _ 0 _
(Al .32)
where [t ?*] and [T ^ j are transformation matrices (see appendix A1.4).
Substituting for (E ^ E ^ )  and (E ^ E ^ )  from equations A1.2 and A1.3, the 
vector equation may be written as
Appendix 1 Partirle Scattering 241
E 0 exp (- ik r)  
kr <
sin ̂ 5 ,(6 ,)  
0
exp (ikY sin y)
+ [7 f]
i COS 02 *̂2 (^2 )
>
sin02S,(02) exp(-/£7sin y)>
0
(Al.33)
The scattered intensity is 
= (Ex,Ey,Ez)(EJl,Ey,Ez)*
Performing this calculation with the aid of the complex identity 
(Aj + B)(A + B)* = |A| + |B| + 2 Re{ AB*}
(Al.34)
(A1.35)
results in
^  {I Al + |B| + 2 Re{AB*} c°S(kY sin y)}
where
(A1.36)
A =  [T «)]
icos(|)1S2(01)
cos^S^Gj)
0
and
icos<(>2S2(e2)
cos(|)2S1(02)
0
The total power received by the photo-detector is 
Psca =  JJlscar2sin0d0d<t>
rec.apert.
(Al.37)
(Al.38)
(Al .39)
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= 1*. 
k2
f  \
JJ (|A| + |B|)sin 0d0dc|) +  2 cos(kYsin y ) JJ Re{ AB*} sin 0d0d(J)
^rec.apert. rec.apert. j
(A1.40)
The term involving |A| + |B| represents the dc component of the signal and 
2Re{AB*}cos(kYsiny) the AC component. The average power received by the
detector is equal to the dc term and is
Pavg = k  JJ  (|A| + |B|)sin0d0d<|) (A1.41)
rec.apert.
It may be seen that the scattered light varies in a sinusoidal way as the particles 
position Y relative to (X 0,Y0,Z0) changes.
The maximum signal occurs when kYsiny = 0 and the minimum when 
kY siny = 7i/2 so that the visibility is given by
JJ Re{AB*}sin 0d0d<|>
V = -------- -------------  (A1.42)JJ (|A| +  |B|)sin 0d0dcf>
rec.apert.
To perform this calculation it is necessary to know the relationship between 
(©p ^ )  and (0,<j))..and between (02*<l>2) and These are given in the appendix 
1.5.
A1.4 Transformation Matrices
The matrices [t ?*] and may be derived from the product of two
transformations. For the first transformation is to convert the spherical 
components to cartesian components E ^ E ^ E ^  in (xpypzj. This is
done b y :
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' e 2T COŜ jCOS©! -sin^! cos^! sin0j pO)0̂1
E<? = sincjjjcos©! cos^! sin^j sin©! Ef? (Al.43)
E<? _ —sin <[)! 0 cos©! 0
, E^ and E^ are then converted into components in (x,y,z) by a rotation 
transformation, ie.
' E f "1 0 0 " e ST
E® = 0 cosy siny e ?> (Al.44)
E® 0 -siny cosy pO) - zl _
So that [t ^  j is given by
"1 0 0 " COS<j>i COS0J -  sinici cos^j sin0j
0 cosy siny sin <)>! cos 0i cosbi sin <)>! sin 0j
_0 -siny cosy —sin (f>i 0 cos©!
(Al.45)
The transformation matrix [t ^ J  may be obtained in a similar way.
A1.5 Relationship Between Coordinate Angles
The relationship between (Gp^) and (0,(())..and between (02,(|)2) and (0,c|>) may 
be shown to be
cos©! = sin 0 sin (|) sin y +cos 0 cosy (A1.46)
così))! = sin 0 cos b/sin©! (Al.47)
and
cos 02 = -  sin 0 sin b sin y + cos 0 cos y (Al .48)
cos(|)2 =sin0coscj)/sin02 (Al .49)
z
S C A T T E R E D  L I GHT  
- T R A N S V E R S E  W A V E  
( P O L A R  C O O R D I N A T E S )
Figure A l.l  Coordinate notation of light scattering from a single laser beam.
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A2.1 Frequency Response of Amplifiers
A two pole amplifier (with no zeroes) may be represented by the schematic 
diagram in figure A2.1. The function A0(s), open loop gain, is the transfer 
function of the amplifier with the feedback open-circuited
A0(s) Aq1 + ajS + a2s2
A0
1 +
f  1 n 1 }---- 1----- s +
©2J ĈDjCt̂  j
(A2.1)
where
ai
COj co2
1
a2 = ------CDjOl̂
(A2.2)
(A2.3)
are the open loop coefficients and C0j and co2 are the open loop poles.
For transimpedance amplifiers the feedback, p, is the inverse of the 
transimpedance resistance ie.
P = 1/Rf (A2.4)
After feedback is applied the open loop transfer function becomes
(
Af(s) = Af
A r
14- p A o J
l + alfs + a2fs2 f  
1 + 1
i Y  i l+
U  + P A 0 jt°>i “ 2 J ĉo,co2(l + p A 0)
s +
(A2.5)
which is called the closed loop transfer function. The coefficients alf and a2f of 
the closed loop function are :
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aif —
a2f —
1 y  i n+ COj +co2
^1 + PAqJ^cOj cd2 J cOjCOj Î + (3 A0) 
1
wiw2(l + pA0)
(A2 .6)
(A2 .7 )
The closed loop function is normally written in the form
Af(s) =_ V
1 + pAo y
- Q 1 21 H----- S H---- r-s
co0 co0
where
®0 = VVa2f = Vco,co2(1 + PA0)
Q =
^03,03, (1 + PA0)
COj +co2
(A2 .8 )
(A2 .9 )
(A2 .1 0)
The terms co0 and Q are called the natural frequency and quality factor 
respectively. They define the frequency response and corresponding pulse 
response of the amplifier [2.1]. The 3dB bandwidth, co3dB, of the amplifier is given 
in terms of co0 and Q as :
®3dB ~ «0 1 -
1 l
2Q2 + 2 )
(J_
Q:
A
- 2 + 4
J
(A2 .ll)
For the special case that Q = 1/2, the 3dB bandwidth equals co0 and there are no 
peaks in the frequency response curve and no overshoot in the time domain. This 
type off response is called the maximally flat response. If Q>l/2,  the 3dB 
bandwidth is greater than co0 but the response is peaked and overshoot occurs. 
When Q < 1/2, the bandwidth is less than co0 .
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If the open loop transfer function contains a zero then the closed loop function is 
given by:
Af(s)= Af(1 + b»s)
l + alfs + a2fs"
f  a ^A o
V1 +  P  A o
(l + s/Zi)
1 +
1 V 1 , 1 ,  PAoiH------ h
W, W . Z,V1 +  P A o A W1 w 2 ¿1 J
s +
wlw2{l +  f>AQ)
where Zj is the zero.
(A2.12)
The closed loop coefficient alf is now
*if = 1__ Y  1 , 1 , P A o l _  W 1 + W 2 + P A (,Wi W 2 / z i1 + PA W, W- WlW2(l + PA0)
PA
(A2.13)
This is equivalent to adding l-—2- to the open loop coefficient ar
A2.2 Time Constant Method for Determining the Frequency 
Response of an Amplifier [A2.2]
For a circuit with M capacitors, ^ is given by :
M
(A2.14)
i=l
where R° is the zero-frequency resistance seen by Q. (At zero-frequency the 
capacitors are open-circuited).
a2 comprises of the product of time constants and is formed from all possible 
pairs of capacitances:
a2 = R fo R iA  + R?1C1R^3C3 + R^1C1R144C4 +
R 2 2 ^ 2 R 33^3  +  R 2 2 ^ 2 R 4 4 C 4 +  R LC^ 3R  4 + .
, 0 p n l
(A2.15)
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where is the zero-frequency resistance seen by Q when Cj in short circuited. 
It can be shown that
R jC ^iC j = RjjCjRjjCi (A2.16)
A2.3 Amplifier Noise [A2.3]
An amplifier without any noise sources (figure A2.4) may be represented by 
open-circuit impedance or short-circuit admittance matrices:
V
_V 2 _
and 
'ii Yu yu-"vi"
_y2i y 2 __ V2 _ (A2.18)
---
-1 JS) Z12 ---
1
__
1
_Z21 Z22 h
(A2.17)
If the amplifier contains internal noise sources then their effect can be 
represented at the input and output by an extension of Thevenin's theorem 
derived by Petersen [A2.3]. For the network described with z-parameters the 
internal noise sources may be represented by two fictitious voltage sources 
placed in series with the input and output (figure A2.5):
‘V "Zll Z12V +'V_V2 _ _Z21 Z2 _ _ _̂2 _ (A2.19)
To determine the value of these noise sources, the input and output of the noisy 
amplifier are open-circuited and the voltages appearing at these terminals 
measured. Hence
(A2.20)
and
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v> = ( e 2U =< (A2.21)
For the y-parameter circuit representation, the internal noise sources can be 
replaced with current sources at the input and output of the amplifier (fig A2.6):
V > 1 1 y u " ‘ V + ' 1 /
_*2_ _ y 2i y 22. _V 2 _ _^2 _
(A2.22)
The value of these sources is determined by short-circuiting the input and 
output and measuring the short-circuit currents. Hence
= ( ii)i1.is=o (A2.23)
and
I2 = ( i2)i„iI=o- (A2.24)
When dealing with amplifiers we are interested in the value of the noise sources 
at the input of the amplifier. These sources determine the minimum signal level 
that can be amplified. Therefore it is preferable to represent the amplifier in such 
a way that both noise sources are at the input. This can be done by representing 
the amplifier in terms of an ABCD matrix which relates the input variables ( i:, vx) 
to the output variables (i2, v2): •
V “A B" "v2"
_il_ C D_ _h _
(A2.25)
The internal noise sources can be removed to the input of the amplifier and 
represented by a fictitious voltage source and current source E and I 
respectively so that (figure A2.7):
vi
ii
"A B~ V + "E‘
C D _h _ I
( A 2 .2 6 )
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The noise sources E and I are difficult to obtain directly. However they can be 
defined in terms of the noise sources (ElrE2) and ( I1712) discussed previously by 
the following relations:
E = Ej — E2(zn/z21) (A2.27)
and
I = Ii - I2(yn/y2i) (A2.28)
The term zn/z21 is the open circuit voltage gain of the amplifier and y11/y2i is the 
short-circuit current gain.
For photodiode amplifiers only the current noise is important. To see this 
consider figure A2.8 which shows a photodiode amplifier. In this case the noise 
contribution to the photodiode current is:
I«.«*. = I. + En/Rpd (A2.29)
For photodiodes, Rpd is large and therefore En contributes negligible noise.
For amplifiers in series a simple relation between the input noise currents of each 
amplifier and the total input noise current can be derived from equation A2.28. If
the noise current densities of a series of amplifiers are Slr S2, S3, .....,Sn then the
total noise current density at the input is:
^tot.noise —  In  ^ n / E -p d ^ to t . $ 1  +  ^  * 2
i=2 A i
(A2.30)
where Aj are the short-circuit current gains of each stage.
The amplifiers looked at in this work are a series of bipolar transistor stages. 
Figure A2.9 shows a bipolar transistor and its main noise sources. These sources
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consist of shot noise associated with the base current and shot noise associated 
with the collector/emitter current. The collector/emitter shot noise can be 
approximately refereed to the input of the transistor by dividing by gm(z1llzs) as
shown in figure A2.10. This approximation, which was first derived by Goel 
[A2.4], is valid irrespective of whether the transistor is connected in a common- 
emitter, common-base or common-collector configuration.
A f ( s )
Figure A2.1 Frequency Response Schematic of Amplifier.
Figure A2.2 Noisy two-port network.
Figure A2.3 Representation of noisy network using external voltage noise sources.
V1 0 NOISE FREE NE TWORK
i 2
0 2 v2
Figure A2.4 Representation of noisy network using external current sources.
Figure A2.5 Representation of noisy network using ABCD matrix.
O
NOISE FREE 
N E T WO R K
O
Figure A2.6 Amplifier for current source.
b a s e  v -, C O L L E C T O R
EMI TTER
Figure A2.7 Bipolar transistor model with noise sources.
is
BASE \j -j C O L L E C T O R
EMI TTER
Sl'=Sl+S2/(gmlZlllZS)2
Figure A2.8 Approximate transistor noise model.
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A3.1 Beam splitter Assembly
To assemble the beam splitter a micropositioner [A3.1], originally purchased 
for coupling laser light into single-mode fiber optics, was employed (figure 
A3.1). For this application the microscope objective and fiber holder were 
removed from the positioner and a steel rod (1) was mounted in place of the 
fiber holder. The positioner allows accurate translation movement in the X, 
Y, and Z directions using the screw adjusters (4), (2) and (3) respectively. Also 
accurate rotation about the 0-X and 0-Y axis is possible with screw adjusters (5) 
and (6).
The beam splitter was assembled using a laser line projector (figure A3.2). The 
line projector, which was brought second hand from Oately electronics [A3.2], 
originally came from a laser printer. Basically it is just a cast aluminium rack 
with an attachment for a laser diode (1) at one end. A collimating lens (2) and 
a rectangular aperture (3) slotted into the rack produce the line. These 
components can be moved along the rack to optimise the collimation of the 
line. Once optimised there position can be fixed. A 670nm, TOLD 9215(S) laser 
was mounted in the rack. It was found that the wavelength of this laser, 
which is lOnm lower compared to that of the TOLD9140(S), was a little bit 
easier to see. Special care was taken to prevent damage to the laser diode from 
electrostatic discharge (see section 7.7).
The beam splitting cube (4) was first glued to the brass base plate using UV 
curing cement. Then the base plate was fastened to the jig. The right-angled 
prism (5) was glued to the micro-positioner rod (6) using a small amount of 
super glue. The micropositioner allows the rear reflecting surface of the right­
angled prism to be accurately rotated. The beam from the laser line projector
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was passed through the beam splitter to produce two lines which were 
projected onto a nearby wall. The right-angled prism was adjusted until the 
lines coincided, then cemented into place with super glue. Glue was placed 
only along the rear surface of the prism.
The finished beam splitter assembly is shown in photograph 6.46. To check 
alignment of the beam splitter the beams were crossed using a 600mm focal 
length lens and the measurement volume projected onto a wall with a X I0 
microscope objective. Clear distinct fringes were observed (photograph 6.47).
A3.2 Laser Mount
During assembly of the laser collimator assembly special precautions were 
taken to prevent damage to the Laser diode from electrostatic charge which 
accumulates on the human body. The alignment jig was placed directly on 
top of a sheet of aluminium (500mm X 400mm) which formed a workbench. 
The aluminium sheet was connected via electrical wire to the copper pipe my 
house. (Alternatively a ground stake buried in the ground could have been 
used). The author's body was connected to the workbench with a standard 
wrist strap. For soldering a 12W soldering iron powered from a sealed lead 
acid battery was employed. The soldering iron was modified by connecting a 
ground wire from its tip to the workbench via a 1MQ series resistor. The only 
laser diode broken so far occurred when its leads were accidentally connected 
around the wrong way. Although visible light was still produced by this laser 
it was of a very low power. Damage to the other laser diodes has not been 
determined. One way to assess the damage is to measure any change in the 
threshold current. So far, apart from the above mentioned laser diode, no 
serious degradation has been noticed in the lasers of this project.
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After ensuring adequate grounding precautions the laser/collimator lens 
could be aligned. The collimator lens was aligned relative to the laser as 
follows (figure A3.3). The GRIN collimating lens (4) is packaged in a 0 9  mm 
aluminium cylinder. It had to be positioned accurately relative to the laser. 
For this purpose a small quantity of brass tubing (3) was obtained from a local 
model shop [?]. This tubing had an inside diameter which closely matched 
that of the collimator. The brass tubing was cut to a length which allowed part 
of the collimating lens to protrude from its end. The tubing was then glued to 
the aluminium base (5) of the jig in front of the micro-positioner (1). The base 
of the laser (2) was glued to the steel rod of the micro-positioner. The laser 
was adjusted so that it fitted into the tubing with its lip up against the end of 
the tube. The collimating lens was then inserted into the brass tube and its 
axial position relative to the laser adjusted roughly by hand until the beam 
was approximately collimated. The lens was then glued in place with super 
glue. When the glue had dried, the laser was adjusted using the 
micropositioner until the beam was collimated properly and then it too was 
glued into place.
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Figure A3.1 Micro-positioner for aligning the beamsplitter and
collimator [A3.1].
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Figure A3.2 Beamsplitter/Right-angled prism alignment.
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Figure A3.3 Collimator lens alignment.
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Figure A4.1 Dimensions and tolerances of Achromat transmitting lens
(01 LAO 014).
Figure A4.2 Dimensions and tolerances of receiving lens (01 LAO Oil).
Figure A4.3 Dimensions and tolerances of Aspheric transmitting lens
(01 LAG 001).
Figure A4.4 Dimensions and tolerances of right-angled prism (01 PRT 003).
Figure A4.5 Dimensions and tolerances of cube beamsplitter (03 BSC 001).
TOLD9215(S)
• High Power Index Guided InGaAlP VLD
• Package Flange : 09mm
• Applications include:
Laser Beam Printer, Bar Code Scanner, Medical Systems etc. 
MAXIMUM RATINGS (Tc =25°C)
r^X'CHARACTERISTlC 'ZSZZtZZ ''.SYMBOL . RATING UNIT
O ptica l O u tpu t Power Po 10 mW
LD Reverse Voltage V r (ld) 2 V
PD Reverse Voltage V r (pd) 30 V
O peration C ase Tem perature To I 0 1 cn O °C
Storage Tem perature Tstg - 4 0 - 8 5 °C
OPTICAL-ELECTRICAL CHARACTERISTICS (Tc =25°C)
CHARACTERISTIC S Y M B O L TEST CO N D IT IO N MIN. TYP MAX. UNIT
Threshold Current 1'th CW  operation — 35 50 m A
O peration C urrent ■op P0 =  1 0m W — 45 60 mA
O peration Voltage Q.O
>
p 0 =  10m W — 2.4 3.0 V
Lasing W avelength p0 =  10m W 660 670 680 nm
Beam  D ivergence
e ,i P0 =  10m W 5 8 11
deg.
P0 - 1 0m W 21 28 35
M onitor Current lm P0 - 1 0m W 0.02 0.04 ; 0.12 m A
PD Dark Current ■d (PD)
>LOIIcc
>
— __ ! 100 nA
PD Total C apac itance G t (p d ) Vr = 5V; f =  1MHz — __ j 20 p F
Examples of Typical Characteristics
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Forward Current vs. Forward Voltage Case Temperature Dependence 
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TOLD9140(S)
• High Power Index Guided InGaAlP VLD
• Package Flange : 09mm
• Applications include:
Optical Disk Systems, Medical Systems, Imaging Systems etc. 
MAXIMUM RATINGS (Tc =25°C)
. ^CHARACTERISTIC ■.SYMBOL RATING UNIT
Optical Output Power Po 20 mW
LD Reverse Voltage Vr(ld) 2 V
PD Reverse Voltage Vr(pdì 30 V
Operation Case Temperature To 1 0 1 cn o °c
Storage Temperature Ts:g
in001o1 °c
OPTICAL-ELECTRICAL CHARACTERISTICS (Tc =25°C)
CHARACTERISTIC SY M B O L 1 TEST CO NDITION MIN. TYP MAX. U N IT
Threshold C urrent Lh i CW  operation 25 40 65 m A
O peration C urrent loo Po =  20m W 35 60 85 m A
O pera tion Voltage Vco 1 Po =  20m W — 2.5 3.2 V
Lasing W avelength Xo P0 =  20m W 675 685 6S5 nm
Beam  D ivergence
e „ 1 Po =  20m W 4 8 12 deg.
ôj. j P0 =  20m W 16 23 30
M on itor C urrent Im 1 Po =  20m W 0.04 0.1 0.25 m A
PD Dark C urrent b  (PD) 1 Vr = 5 V - — 100 nA
PD Total C apac itance Ct (PD) ! VR =  5V; f =  1MHz — — 20 pP
Examples of Typical Characteristics
Optical Output Power vs. Forward Current
FORWARD CURRENT lF (mA)
Monitor Current vs. Optical Output Power
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MITSUBISHI SILICON AVALANCHE PHOTODIODES
PD1XX5 SERIES
1
FOR O P TIC A L  COMMUNICATION AND RADAR S Y S T E M S
TYPE
NAME
lî"*"H*»»
'■tail'
DESCRIPTION
Mitsubishi PD1XX5 senes are avalanche photodiodes hav­
ing a current gam according to ava anche electron multi­
plication. They provide very high current gam, excellent low 
noise performance, high speed of response and a large 
gain-bandwidth products
FEATURES
•  Very high speed of response
•  Very low multiplication noise (hiyh S/N ratio even at a 
high multiplication rate)
•  High available mulliplication rale (uniform multiplication 
distribution in detecting area)
•  Very high gain-bandwidth product
•  Active diameter SOO^m
APPLICATION
Fiber-optic communication, laser range finding, optical 
range meters, test eauipment (such as that for very short 
puise detection)
ABSOLUTE MAXIMUM RATINGS
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MITSUBISHI SILICON AVALANCHE PHOTODIODES
PD1XX5 SERÍES
FOR OPTICAL
R espons iv ity  unde r no m u ltip lica tion  cond ition 
The PD1XX5 do not have multiplication effect (no current 
gain) when they are b iased below  53V Typical spectral re ­
sponse at 50V bias voltage is showr in Fig. f. The PD1XX5 
are suitable for detecting light signals in the 60Q~900 nm 
wavelength range, such as from HeNe lasers (633nm) and 
A lGaAs lasers (750~900nm). •'
The dashed lines show quantum efficiency levels. The 
PD1XX5 are PIN structure APOs. Hence, they have much 
smaller voltage dependence of the quantum efficiency 
compared with reach through device s
□  M u ltip lica tion  cha rac te ris tics
Typical voltage dependence of ¡he rm jho'ica lien rate at va­
rious wavelengths is; shown in Fig 2 Muito i'caticn rate as 
high as 1000 is obtainable when the output voltage (product 
of m ultip lied photocurrent a rd  ;oad resistance] is smaller 
than lOOm.V ■
Practically available responsivity is a p'cduct ot the value in 
Fig 1 and the m ultip licat c>n rate N‘ A va'ue as high as 
300A/W  can be eas ily obtained
Because of the P-hNI structure, the P D 'XX5  have much 
sm aller scattering o ‘ the multip lication rale from, device to 
device, more uniform multiplication rata throughout the d e ­
tecting area as compared w lh reach '.hicugh devices
El Frequency response
The PD1XX5 units have very f'at frequency response as 
shown in Fig. 3 owing to their P-s.de illum inated deep junc­
tion structure The 0.5 mm3 devices the FD 'XX5  have cut 
off frequency exceeding ¿GHz, and have that cf 400MHz 
when they are loaded with 50 Cl resistance.
COMMUNICATION AND RADAR SYSTEMS
Fig 1 Spectral response
Relative Cías voltage Vp/V flq 
Fig 3 Rreauency response
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MITSUBISHI SILICON AVALANCHE PHOTODIODES
PD1XX5 SERIES
FOR OPTICAL COMMUNICATION AND RADAR SYSTEMS
Q  Gain-bandwidth product
The gain-banawidth product cl an APO is a product of the 
m ultip lication rate and the cut off frequency. MB It in ­
creases w ith M and approaches an asymptote which is de­
term ined by the MB o( multiplication process. Fig. 4. shows 
the MB of the PD1XX5 The multip lication lim ited MB of the 
devices is approxim ately 800 GHz. Such a large MB is re ­
quired particu larly in detection of very w eak anci very w id e ­
band signals.
Fig 4 Multiplication rate dependence of cutoff frequency
Mult picaticr raie M
E l  Noise characteristics
Noise figure of the multiplication process depends on the 
multip lication rate, M It is generally approximated by an 
expression Fig. 6 shews tne noise characteristics of the 
PD1XXS. They depend slicjhtly on wavelength of incident 
light signals The constant, n, of the PQ1XX5 is approx­
imately 0 25 The PD1XX5 can Do low noise detectors even 
in the high multiplication region since their noise increment 
is so small.
Fig. 5 Noise ligure of mult ip l ica t ion process
MuU.c ica: r,.-, rate m
S 3  Bias circuit
Fig. 6 shows an example of APD rece ive r circuit. Unlike 
with a PIN photodiode, bias vollage -or the APD must be 
p rec ise ly controlled when it is used n a p'aoiical system 
for a long time.
This is because the signal to no ire ra iio  of the APD rece iv­
er depends on the multiplication rate and reaches a m ax­
imum at a certain M value, and because the M at a certain 
voltage varies with temperature
Therefore, the bias voltage must be controlled to compen­
sate the tem perature dependence of ".he M value It can be 
rea lized  with a bias circuit shown in Fig 7. where the AD is 
an avalanche diode (AD1000) used for the compensation.
Fig 7 APD bias circuit with temperature compensation
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OUTLINE DRAWINGS
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The BFR 90A  is recommended fo r  new design BFR90
___________________________A
N - P - N  5  G H z  W I D E B A N D  T R A N S I S T O R
N-P-N transistor in a plastic SOT-37 envelope.* It is primarily intended for use in u.h.f. and microwave 
amplifiers such as in aerial amplifiers, radar systems, oscilloscopes, spectrum analysers etc.
The transistor features low intermodulation distortion and high power gain; thanks to its very high 
transition frequency, it also has excellent wideband properties and low noise up to high frequencies.
P N P complement is BFQ51.
QUICK REFERENCE DATA
Collector base voltage (open emitter) VCBO max. 20 V
Collector emitter voltage (open base) VCEO max. 15 V
Collector current (d.c.) 'c max. 25 mA
Total power dissipation up to Tamb = 60 °C Pfot max. 200 mW
Junction temperature Ti max. 175 °C
Transition frequency at f = 500 MHz 
Iq = 14 mA; Vqj: = 10 V It typ. 5,0 GHz
Feedback capacitance at f = 1 MHz 
1C = 0; Vce = 10 V Cre typ. 0,4 pF
Noise figure at optimum source impedance 
IC = 2 mA; Vqe = 10 V; f = 500 MHz F typ. 2,4 dB
Max. unilateral power gain
IC = 14 mA; Vqe = 10 V; f = 500 MHz Gum typ. 19,5 dB
Output voltage at djm = —60 dB
Iq = 14 mA, Vce = 10 V; R|_ = 75 ft; 
f{,)fq—r) = 493,25 MHz Vo typ. 150 mV
* T092 version is available on request: ref. ON4183.
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BFR90
_________ J  V
RATINGS
Limiting values in accordance w ith the Absolute Maximum System (IEC 134)
Collector-base voltage (open emitter) VCBO max. 20 V
Collector-emitter voltage (open base) VCEO max. 15 V
Emitter-base voltage (open collector) VEBO max. 2 V
Collector current (d.c.) ic max. 25 mA
Total power dissipation up to Tamb = 60 °C ^to t max. 200 mW
Storage temperature T stg —65 to +150 °C
Junction temperature Ti max. 175 oc
THERMAL RESISTANCE
From junction to ambient in free air and 
mounted on a glass-fibre print ^ th  j-a = 500 K/W
From junction to soldering point F*th j-s = 65 K/W
590 April 1989
N-P-N 5 GHz wideband transistor BFR90
CHARACTERISTICS
Tj = 25 °C unless otherwise specified
Collector cut-off current
lE = 0; V qb  = 10 V ICBO max. 50 nA
D.C. current gain
hFE
min. 40
Iq = 14 mA; V qe = 10 V typ. 90
Transition frequency at f = 500 MHz 
Iq = 14 mA; V qe = 10V *T typ. 5,0 GHz
Collector capacitance at f = 1 MHz
lE = le = 0 ;V CB = 10 V Cc typ. 0,5 pF
Emitter capacitance at f = 1 MHz 
!C = lc = 0 ;V EB =0.5 V Ce typ. 1,2 pF
Feedback capacitance at f = 1 MHz 
IC = 0; V c e  = 10 V Ore typ. 0,4 pF
Noise figure at optimum source impedance
Iq = 2 mA; V qe = 10 V; f = 500 MHz; Tamb = 25 °C F typ. 2,4 dB
Max. unilateral power gain (s12 assumed to be zero)
|S2112
G(j m  -  10 log
[ 1 -Is-, |2 ) [ 1 —ls22 l I
lC = 14 mA; V qe = 10 V; f = 500 MHz; Tamb = 25 °C g UM typ. 19,5 dB
Output voltage at d jm = —60 dB 
Iq = 14 mA; V qe = 10 V;
RL = 75 0 ; T amb = 25 °C
V p = V0 at d jm = -6 0  dB ; f p = 495,25 MHz 
Vq = V 0 -6 d B  ; f q = 503,25 MHz 
V r = V 0 - 6 d B  ; f r = 505,25 MHz 
measured at f (p+q_r) = 495,25 MHz Vo typ. 150 mV
October 1986 59
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BFR90
+ 2UV
Fig.2 Intermodulation test circuit.
L1 = 4 turns Cu wire (0,35 mm); winding pitch 1 mm; int. diam. 4 mm 
L2 and L3 5 pH (code number: 3122 108 20150)
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N-P-N 5 GHz wideband transis to r BFR90
10 lc (mA) 20
Fig.5 VCE = 10 V; f = 500 MHz; Tj = 25 °C; 
typical values.
Fig.6 Iq = 14 mA; f 
typical values.
10 v c E  ( v )  20
500 MHz; Tj = 25 °C;
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BFR90
J  V.
Fig.7 V<gE = 10 V; lc = 2 mA; Zg = opt.; Tamb = 25 °C; typical values.
1 5
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0
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Fig.8 VCE = 10 V; f = 500 MHz; Zs opt.; Tamp = 25 °C; typical values.
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N-P-N 5 GHz w ideband transisto r BFR90
J  V
°,2 0,5 1 f (GHz) 4
Fig,9 VG£ - 10 V; Iq = 14 mA; Tamb = 25 °C; Fig.10 Circles of constant noise figure; 
typical values. Vqe = 10 V; Iq = 2 mA; f = 500 MHz;
Tamb = 25 °C; typical values.
Fig. 11 Power derating curve.
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BFR92
N-P-N 5 GHz WIDEBAND TRANSISTOR
N P N transistor in a plastic SOT-23 envelope. * It is primarily intended for use in u.h.f. and microwave 
amplifiers in thick and thin film circuits, such as in aerial amplifiers, radar systems, oscilloscopes, 
spectrum analysers etc. The transistor features low intermodulation distortion and high power gain; 
thanks to its very high transition frequency, it also has excellent wideband properties and low noise 
up to high frequencies.
P-N-P complement is BFT92.
QUICK REFERENCE DATA
Collector base voltage (open emitter) VCBO max. 20 V
Collector emitter voltage (open base) vCEO max. 15 V
Collector current (d.c.) >C max. 25 mA
Total power dissipation up to Tamb = 25 °C t̂ot max. 300 mW
Junction temperature Ti max. 150 °C
Transition frequency at f = 500 MHz 
lC = 14 mA; VCE = 10 V fT typ. 5,0 GHz
Feedback capacitance at f = 1 MHz 
lQ = 2mA;VQE = 10V Ore typ. 0,4 pF
Noise figure at optimum source impedance 
lC = 2 mA; Vqe = 10 V; f = 500 MHz F typ. 2,4 dB
Max. unilateral power gain
lC = 14 mA; Vqe = 10 V; f = 500 MHz Gum typ. 18,0 dB
Output voltage at djm = -60 dB (see Fig. 2)
lC = 14 mA; Vqe = 10 V; R[_ = 75 f2;Tamb = 25 °C 
f(p+q-r) = 493,25 MHz v0 typ. 150 mV
MECHANICAL DATA
Fig. 1 SOT-23.
Pinning
1 = hase
2 = emitter
3 = collector
0.150
Dimensions in mm
If required, the R version (reverse pinning) is available on request.
T092 version is also available on request: ref. ON4183
A
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RATINGS
Limiting values in accordance with the Absolute Maximum System (IEC 134)
Collector-base voltage (open emitter) VCBO max. 20 V
Collector-emitter voltage (open base) VCEO max. 15 V
Emitter-base voltage (open collector) v EBO max. 2 V
Collector current (d.c.) ' c max. 25 mA
Total power dissipation up to Tamb = 25 °C t̂ot max. 300 mW
Storage temperature Tstg -65 to +150 °C
Junction temperature Ti max. 150 OC
THERMAL RESISTANCE 
From junction to ambient Rth j-a = 430 K/W
CHARACTERISTICS
Tj = 25 °C unless otherwise specified 
Collector cut-off current 
'E = 0; Vcb = 10 V 'CBO max. 50 nA
D.C. current gain
1C = 14 mA; Vqe = 10 V hFE
min.
typ.
25
50
Transition frequency at f = 500 MHz 
Iq = 14 mA;VcE = 10V fT typ. 5,0 GHz
Collector capacitance at f = 1 MHz 
lE = le = 0;VCB = 10V Cc typ. 0,75 pF
Emitter capacitance at f = 1 MHz 
IC = Ic = 0;VEB = 0,5V Ce typ. 0,8 pF
Feedback capacitance at f = 1 MHz
lC = 2 mA; VCE = 10 V; Tamb = 25 °C Ore typ. 0,4 pF
*
Mounted on a ceramic substrate of 8 mm x 10 mm x 0,7 mm.
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N-P-N 5 GHz w ideband transisto r BFR92
7 V
Noise figure at optimum source impedance*
lC = 2 mA; V CE = 10 V; f = 500 MHz; T amb = 25 °C F typ. 2,4 dB
Max. unilateral power gain (s12 assumed to be zero)
Gum = 10 log ----------------— - -------------------
[1 - ls n l2] [1-|s22l2]
IC = 14 mA; V CE = 10 V;f = 500 MHz; Tamb = 25 °C Gum typ. 18,0 dB
Output voltage at djm = -60 dB (see Fig. 2)
(DIN 45004B; par. 6.3.: 3-tone) 
lC = 14 mA; VCE = 10 V; R|_ = 75 i l
Vp = V0 at djm = -60 dB ; fp = 495,25 MHz
Vq = V0 -6dB ; fq = 503,25 MHz
Vr = V0 -6 dB ; fr = 505,25 MHz
measured at f(p+q_r) = 493,25 MHz VQ typ. 150 mV
+ 2 L V
L1 — 4 turns Cu wire (0,35 mm); winding pitch 1 mm; int. dia. 4 mm 
L2 = L3 = 5 pH (code number: 3122 108 20150)
' Crystal mounted in a BFR90 envelope.
f  ^
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o 10 VCB (V) 20
Fig. 3 Vce = 10 V; Tj = 25 °C; typical values.
0 20 Ic (raA) 40
Fig. 5 VCE = 10 V; f = 500 MHz; Tj = 25 °C; 
typical values.
Fig. 4 IE = le = 0; f = 1 MHz;
Fig. 6 Iq = 14 mA; f = 500 MHz; 
Tj = 25 °C; typical values.
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N-P-N 5 GHz w ideband transisto r BFR92
J  V
Fig. 7 Vce = 10 V; Iq = 2 mA; Zg = opt.; Tamb = 25 °C; typical values.
Fig. 8 Vce = 10 V; f = 500 MHz; Zg = opt.; Tamb = 25 °C; typical values.
"\  f
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PNP Silicon Darlington Transistor BC 516
•  High current gain
•  High collector current
•  Complementary type: BC 517 (NPN)
Plastic package, TO-92 
Approx, weight 0.25 g
Type Ordering code
□ BC 516 Q62702-C944
Maximum Ratings
Description Symbol BC 516 Unit
Collector-emitter voltage Kjeo 30 V
Collector-base voltage K;bo 40 V
Emitter-base voltage ÊBO 10 V
Collector current 1c 500 mA
Peak collector current Icu 800 mA
Base current Is 100 mA
Peak base current B̂M 200 mA
Total power dissipation 
Ta = 25°C
Plot 625 mW
Junction temperature T, 150 °C
Storage temperature range -65...+150 °C
Thermal resistance
junction - ambient ftthJA ^200 K/W
junction - case filhJC £ 90 K/W
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BC 516
Electrical Characteristics
at 7* = 25 °C, unless otherwise specified
DC Characteristics Symbol min typ max Unit
C o lle c to r -e m it te r  b re a k d o w n  v o lta g e  
7C — 10 m A
y<BR)CEO 3 0 — — V
C o lle c to r -b a s e  b re a k d o w n  v o lta g e  
7 c “  100 n  A
^(BH)CBO 4 0 — — V
E m itte r -b a s e  b re a k d o w n  v o lta g e  
/ E — 10 p A
^(BR)EBO 10 — — V
C o lle c to r  c u to ff  c u r re n t 
VCB -  3 0  V
^CBO _ _ 1 0 0 nA
Vc b - 3 0 - v , 7A — 1 5 0  °C — — 10 p A
E m itte r  c u to f f  c u r re n t
^ e b - 4 V
^EBO — — 1 0 0 p A
DC c u r re n t  g a s ln  
7C — 2 0  m A ; l/CE- 2  V
/>FE 3 0 0 0 0 — — —
C o lle c to r -e m it te r  s a tu ra tio n  v o lta g e ')  
/ c — 10 0  m A ; / a — 0.1 m A
^CEsal — — 1 V
B a s e -e m it te r  v o lta g e ')  
7c - 1 0 m A ;  l/CE- 5 V
^BE — — 1,4 V
AC Characteristics Symbol min typ max Unit
Transition frequency
7C - 50 mA. VCE - 5 V, 1 - 20 MHz
f j — 200 — MHz
Output capacitance 
l/ca-10 V. f-1 MHz
Cob — 3,5 — PF
' )  P u l s e  t e s t :  f i  3 0 0  | i s ,  D i 2 %
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BC 516
Total power dissipation Ptol =  f  (TA)
W
0 50 100 150 °C
------------- -Ty
Pulse handling capability rlh =  f  ( t p )
K
Collector cuto ff current /CB0 =  f  (TA) 
VCB -  30 V
0 50 100 150 °C
---- tk
Transition frequency fT = f  ( /c) 
V̂c e - 5 V
k
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BC 516
Collector-emitter saturation voltage l/CEaa, = / (7C) Base-emitter saturation voltage VBEsat =  f  ( /c)
hFE — 1000 /»FE-1000
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